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ABSTRACT OF DISSERTATION

THERMAL DEGRADATION OF AMINES FOR CO2 CAPTURE
In the selection of candidates for CO2 absorption, solvent thermal
degradation has become a general concern due to the significant impact on
operational cost and the intention to use thermal compression from high
temperature stripping to minimize the overall process energy. In this research, the
impact of flue gas contaminants on Monoethanolamine (MEA) thermal degradation
was investigated at elevated temperatures consistent with those in the CO2
stripper. Nitrite, fly ash, sulfate and thiosulfate were each added to 5.0 M MEA and
the contaminant-containing MEA solutions were degraded at 125 °C, 135 °C and
145 °C. MEA degrades significantly more in the presence of nitrite (5000 ppm)
than MEA alone at the same amine molar concentration for all three temperatures.
MEA degradation activation energy of MEA-nitrite solution is approximately oneseventh of that of MEA solution without nitrite. Fly ash was observed to inhibit
nitrite-induced MEA degradation and greatly increase the MEA degradation
activation energy of MEA-nitrite solution. Fly ash, sodium sulfate and sodium
thiosulfate by themselves were not shown to impact MEA thermal degradation rate.
Sodium salts of glycine, sarcosine, alanine and ß-alanine were thermally
degraded at 125 °C, 135 °C and 145 °C, respectively, to discover the structural
reasons for their thermal stability. These four amino acids have enhanced thermal
degradation rates compared to MEA. The stability order for amino acid salts tested
to date is: sarcosinate > alaninate > ß-alaninate. Calculated activation energies for
the degradation processes are lower than that of MEA. ß-Alaninate (ß-Ala) thermal
degradation generates ß-Ala dimer (major degradation product), ß-Ala dimer
carbamate and tetrahydro-1,3-oxazin-6-one.
Functional groups, amine orders and steric effect were investigated for their
impact on amine thermal degradation. Primary amines with chain structures
showed a thermal stability trend as diamine > alkanolamine > amino acid salt. For
alknolamine and diamine structural isomers, the primary amines are more stable
than the secondary amines. Steric hindrance around the amine group plays a
global positive role in protecting amines against thermal degradation.

KEYWORDS: Thermal Degradation, Flue Gas Contaminants, Activation Energy,
Thermal Compression, Steric Hindrance
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CHAPTER I. INTRODUCTION
1.1 Carbon Dioxide-Induced Climate Change
There has been a growing scientific consensus that the atmospheric CO2
level increase induced by man-made activities (mainly power generation) is
responsible for climate change, which has been causing more frequent extreme
weather situations and making far-reaching impacts on Earth.1-5
CO2 atmospheric level has been less than 280 ppmv in last 2 million years
until the Industrial Revolution.6 From then on, the CO2 level has drastically
increased to 400 ppmv at present.6 Especially, the increment rate has maintained
at around 1 % per year (2ppmv per year) since 1990.7 At this rate, the CO2
atmospheric level will double after 200 years. Intergovernmental Panel on
Climate Change (IPCC) recently reported that the global anthropogenic CO2
emissions have risen from 2 Gigaton/y in 1850 to 37 Gigaton/y in 2011.7
Cumulatively, approximately 50 % of the CO2 emission between 1750 (Industrial
Revolution era) and 2011 occurred in the last 40 years, mainly from fossil fuels
(including coal, petroleum and natural gas) combustion and industrial
processes.7 The rapid growth of global CO2 production has generated the
“Greenhouse Gas Effect” in the atmosphere.
Sunlight reaching Earth consists mainly of visible, infrared and ultraviolet
light.8,9 The light is filtered by the atmosphere to reach the ground and the energy
received at ground level is around 1100–1200 watts/m2.8 Sunlight’s composition
at ground level, in terms of energy, is approximately 52–55 % infrared light, 42–
43 % visible light and 3–5 % ultraviolet light.8 After sunlight is absorbed by Earth,
the heat is re-emitted to atmosphere in the form of infrared radiation (IR).10 The
major atmospheric components, oxygen (O2) and nitrogen (N2), do not absorb IR.
However, IR is absorbed by so-called atmospheric greenhouse gases, including
CO2, water, methane (CH4), nitrous oxide (N2O) and ozone (O3).11 Upon
absorption, IR is converted to the kinetic energy of molecule bending and
stretching vibrations. The collected energy by greenhouse gases is transmitted to
other gas molecules such as O2 and N2. Therefore, this induces a general
atmosphere heating and triggers global climate change.
1

Global warming is a long-term consequence of the climate change. IPCC
has reported that the global land and ocean combined average surface
temperature over the period of 2003–2012 is 0.78 °C higher than that of the
period 1850–1900.7 Over 20 % of the plants and animals are subject to extinction
if the temperature increases more than 1.5–2.5 °C.12,13 The last 30 years is
estimated to be the hottest period of the past 800 years in the northern
hemisphere.7 This temperature rise has been changing aspects of the
environment. Firstly, sea level has been rising due to the glacier and ice cap
melting. The global mean sea level has increased by 0.19 m during the period
1901–2010.7 This rise rate has been the highest rate during the past two
millennia and is accelerating as temperature increases.7 This causes coast
erosion, flooding and island submergence. In addition, the sea level rise has
become a threat to roughly 10 % of the world population (more than 600 million
people) who live in the coastal area less than 10 meters above sea level.14
Secondly, the temperature rise significantly impacts ecosystems. Springs are
coming earlier and the growing season has been shifted and become longer in
the past half century.15 Mismatch of the lifecycle between the pollinators and
plants could destroy the food chain. Plus, warmer and shorter winters are not
able to kill some insects which could cause infestations and property
damage.16,17 Furthermore, climate change has been linked to more frequent
severe weather, which includes the decrease of cold temperature extremes,
increase of warm temperature extremes, more frequent heavy precipitations and
hurricanes.18 These extreme events are directly impacting people’s lives and
causing death and property loss.
1.2 Anthropogenic CO2 Emissions in United States
In the United States, CO2 emissions from energy consumption have
maintained over 5 gigaton/y since 1990 according to Energy Information
Administration (EIA) database.18 The combustion of fossil fuels for electricity
generation has been the largest single source of the U.S. CO2 emission during
the past twenty years.19 Figure 1-1 outlines the distribution of CO2 emission from
2

different sources in U.S. in 2012.20 Electricity generation contributes the biggest
portion, 38.4 %, of the total emission.20 Transportation, industrial and residential
and commercial uses are responsible for 34.3 %, 17.8 % and 9.5 %, respectively,
of CO2 emission.20 As shown in Figure 1-2, coal and natural gas fuel around 68
% of the overall U.S. electricity generation in 2012, but the combustion of these
two fuels is responsible for 99 % of the CO2 emission in the electricity generation
sector (Figure 1-1). Between these two fossil fuels, coal is more carbon intensive
than natural gas and contributes about 75 % of the CO2 emission from electricity
generation in 2012.20

Figure 1-1. U.S. CO2 emission sources in 2012. (Source:

http://www.c2es.org/federal/executive/epa/ghg-standards-for-new-power-plants)
Ideally, the solution in this regard is to switch current fuel sources to
cleaner renewable alternatives, such as wind, hydropower and solar power.
Renewable energies could be naturally replenished in a short time scale.21 Plus,
they are non-carbon energy sources and thus do not contribute to the CO2
emission. However, application of renewable energies suffers the limitation that
they are intermittent and therefore are not as reliable as coal.22 Calm days may
cut off the continuous wind supply for electricity generation; droughts greatly
affect hydropower; weather conditions limit solar energy collection. Backup plants
driven by fossil fuels are required to take over when the renewable energy
sources are interrupted.23 This tremendously increases the cost. British
3

households are to pay 1 billion pounds for renewable energy backup plants.23 In
addition, the transition from fossil fuels to the clean energy technologies requires
considerable modifications of existing power plants.24 In this context, even though
the utilization of renewable energies has grown rapidly in recent years and is
projected to continuously grow in the next 30 years,25 these clean energy options
contribute merely minor portions in U.S. electricity generation to date as shown in
Figure 1-2.20 For instance, wind and hydropower together fuel only around 10 %
of the electricity generation.20 Fossil fuel combustion still dominates electricity
generation compared to other energy sources. EIA estimated that, in both 2012
and 2013, U.S. generated around 67 % electricity through fossil fuel combustion
with approximately 39 % from the coal combustion.20
In order to mitigate the CO2 emission in fossil fuel combustion, it is
recognized that carbon capture and sequestration (CCS) technologies are
paramount, before a more environmentally sustainable energy generation
infrastructure is available.

Figure 1-2. 2012 U.S. Electricity Generation. (Source:
http://www.c2es.org/federal/executive/epa/ghg-standards-for-new-power-plants)

4

1.3 CO2 Capture by Aqueous Amine Solutions in Absorption-Stripping
System
Given that electricity generation power plants are stationary point sources
responsible for the major CO2 emission from energy use in U.S., a large CO2
emission reduction could be achieved if effective CO2 capture technologies could
be implemented on the power plants.26 The goal of US Department of Energy
(DOE) is to develop advanced CO2 capture technologies which offer 90 % CO2
capture when deployed in the power plants with the electricity cost increase less
than 35 %.27
Due to the sheer magnitude of the CO2 emission, it needs to be clarified
that, if a once-through manner is employed to CO2 capture industry, utilization of
any material will consume its market supplies and the products generated may
cause further disposal issues. Hence, a regenerable process is required to
separate CO2.26 Much work has been devoted to finding ways to mitigate CO2
emissions with a high degree of focus on post-combustion capture with CO2
absorption-stripping system.28-33 This regenerable technology is advantageous
mainly because it can be readily retrofitted into existing power plants by installing
capture units downstream from fuel combustion to separate the CO2 without
interfering with the electricity generation process.
1.3.1 Flue Gas Composition
Table 1-1 shows a typical concentration range of the components in the
exhausting gas (so-called flue gas) generated from coal combustion.34,35 Flue
gas has a very different composition compared to the air due to the formation of
combustion products. The composition varies for different combustion processes
and coals. The bulk species include 76–77 vol% N2, 10–14 vol% CO2, 4–16 vol%
H2O, and 2–6 vol% O2.34,35 In addition to these major components, flue gas also
contains different combustion by-products, such as HCl (5–100 ppmv), fly ash (2
gr/dscf) and oxides of sulfur and nitrogen (500–3000 ppmv SO2, 5–60 ppmv SO3,
50–300 ppmv NO and 10–40 ppmv NO2).35
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Table 1-1. Typical coal-fired flue gas composition34,35
Flue Gas Component

Level

N2

76–77 vol %

CO2

10–14 vol %

H2O

4–16 vol %

O2

2–6 vol %

SO2

500–3000 ppmv

SO3

5–60 ppmv

NO

50–300 ppmv

NO2

10–40 ppmv

HCl

5–100 ppmv

Fly Ash

2 gr/dscf*

*gr/dscf refers to grain/dry standard cubic feet.
1.3.2 Flue Gas Pretreatment
Prior to the CO2 removal process, flue gas is pretreated to remove
somecontaminants, such as fly ash, SOx and NOx, to mitigate their impacts on
the environment (e.g., acid rain) and avoid the operational difficulties they could
cause to CO2 capture (e.g. heat-stable salt formation and solvent degradation).
Fly ash is a mineral particulate generated in pulverized coal combustion
unit and ascends with flue gas.36 Fly ash is usually removed via electrostatic
precipitation (ESP) technology, which has a collection efficiency of 99 %.37 In
ESP process, as shown in Figure 1-3, a voltage of 40000 to 110000 volts is
applied across the metal collecting plate and discharge electrodes.38,39 Fly ashladen flue gas travels through the space between the collecting plates and are
6

negatively charged by contact with discharge electrodes. Then, the negatively
charged particles are driven to the collecting plates and deposited on the plate
surface.

Figure 1-3. ESP process for fly ash removal in flue gas.37-39
SOx in flue gas is removed by various Flue Gas Desulfurization (FGD)
technologies. For instance, Ducon is applying lime, limestone and seawater FGD
systems and achieves a SO2 removal efficiency of over 99 %.40 The
desulfurization reactions are shown in equation 1-1, 1-2 and 1-3.41
CaCO3(s) + SO 2(g) + 1/2 H 2O(l)

CaSO 3 1/2H2O(s) + CO2(g)

CaCO3(s) + SO 2(g) + 1/2 O 2(g) + 2 H2O(l)

CaSO 4 2H2O(s) + CO2(g) (1-2)

Limestone

Ca(OH)2(s) + SO2(g)

(1-1)

Hannebachite

Limestone

Gypsum

CaSO3(s) + H2O(l)

(1-3)

Lime

NOx is mainly removed by selective reduction, which includes Selective
Catalytic Reduction (SCR) and Selective Non-Catalytic Reduction (SNCR).42 In
this method, NOx is usually reduced by ammonia to N2 and H2O (reactions shown
in equation 1-4, 1-5, 1-6, 1-7 and 1-8). With the aid of catalysts, 80–90 % NOx is
removed at the reaction temperature of 300–400 °C.43
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6 NO(g) + 4 NH3(g)

5 N2(g) + 6 H2O(l)

(1-4)

6 NO2(g) + 8 NH3(g)

7 N2(g) + 12 H 2O(l)

(1-5)

4 NO(g) + 4 NH3(g) + O2(g)

4 N2(g) + 6 H2O(l)

(1-6)

2 NO2(g) + 4 NH3(g) + O2(g)

3 N2(g) + 6 H 2O(l)

(1-7)

NO(g) + NO2(g) + 2 NH3(g)

2 N2(g) + 3 H2O(l)

(1-8)

1.3.3 Absorption-Stripping Process
Following the pretreatment for contaminant removal, flue gas is sent to
CO2 capture facility. Figure 1-4 illustrates the working process of the CO2
absorption-stripping system in post-combustion capture. Basically, this system
includes two major parts: CO2 absorber (also named scrubber) and CO2 stripper
(regeneration tower).44

Figure 1-4. Schematic of typical absorption-stripping system for post-combustion
CO2 capture.44
Flue gas is fed into the CO2 absorber at the bottom and ascending
through the column. In order to assure an efficient gas-liquid contact in the
absorber column, the column is filled with metal structured packing. Figure 1-5
shows an example of the structure. CO2-lean capture solution enters into the
absorber at the top and passes through the packing materials. At a temperature
of 40–50 °C, CO2 is absorbed during the countercurrent contact with the
8

absorbent solution, which becomes carbon-rich in the bottom of the absorber.
The CO2-rich solution is then pumped into the heat exchanger to be heated by
the hot, lean solution that is being sent into the absorber. Thereafter, the rich
absorbent solution flows into the regeneration tower, where a higher temperature
(usually 100–140 °C depending on the thermal stability of the absorbent) is
applied to the solution to liberate the captured CO2.26,44 The released CO2 exits
the stripper on the top and is then dried and pressurized to 100–150 bar for
sequestration.44 Upon the CO2 stripping, after absorbent reaches the bottom of
the regeneration tower, it becomes CO2-lean and is sent to the absorber for
further CO2 absorption after cooling down in the heat exchanger.

Figure 1-5. Metal structured packing in CO2 absorber. (Source: Sulzer Chemtech;
http://www.sulzer.com/en//media/Documents/ProductsAndServices/Separation_Technology/Structured_Pa
ckings/Brochures/Structured_Packings.pdf)
1.3.4 CO2 Absorption by Alkanolamines
Among current technological options for post-combustion CO2 separation,
aqueous alkanolamine absorption is considered a benchmark and the most nearcommercial technology due primarily to its long history in acid gas scrubbing and
competitive cost compared to other technologies.45,46 The most widely studied
alkanolamine in post-combustion CO2 capture is monoethanolamine (MEA), a
primary amine with several advantages over other alkanolamines, such as fast
CO2 absorption kinetics, favorable physical properties and relatively low cost.44
MEA molecule contains a hydroxyl group at one end and an amine group at the
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other end. The amine group on MEA is a basic group with a pKa of 9.5.47 As
shown in Figure 1-6, this amine group participates in a nucleophilic attack on the
carbon atom of CO2 to generate MEA carbamates at a temperature around 40 °C
(occurring in the CO2 absorber).48 The MEA carbamate is then hydrolyzed to
form bicarbonate, and thus MEA is liberated for further CO2 absorption. In the
MEA regeneration process, upon heating, the carbamate formation reaction is
reversed and the bicarbonate is decomposed to release the CO2. Therefore the
CO2 is separated and MEA is regenerated.
O
C

+ 2 H2N

O
MEA

OH

~ 40 °C
O

O
C

OH + H N
3

N
H

MEA Carbamate

OH

Protonated MEA

H2O
O
C O
HO
Bicarbonate

+

OH

H2N
MEA

Figure 1-6. Reaction of CO2 with MEA to generate carbamate and bicarbonate.
Usually, the aqueous MEA solution with a concentration of 20–30 wt% is
utilized for CO2 capture. As observed in Figure 1-6, two MEA molecules react
with one CO2 to generate one carbamate and one protonated MEA. Given that
the protonation eliminates the nucleophilic function of the amine group, the
theoretical CO2 loading capacity for the MEA is carbon to nitrogen mole ratio
(C/N) of 0.5. During the realistic CO2 capture process, the CO2 loading varies
between C/N 0.2 (lean condition in the CO2 absorber) and C/N 0.4 (rich condition
in the CO2 stripper). MEA concentration increase from 20 wt% to 30 wt%
provides a better energy integration and thus lowers the capture cost.44 The
aqueous MEA solutions (20 wt% and 30 wt%) were evaluated in a 450-MW
(megawatt) plant for CO2 removal.44 Compared to 20 wt% MEA solutions, 30
wt% MEA process reduced the energy required for CO2 capture by 28 % and
lowered the capture cost from $82 to $51 per ton CO2 removed.44 However,
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application of a MEA concentration over 30 wt% suffers the solvent degradation
and corrosion to the process compartments, such as reaction vessels and pipes.
Conventionally, 30 wt% MEA aqueous solution has been considered as a
benchmark CO2 absorbent in industry and thus is used in this research as a
baseline solution.
Many other alkanolamines have been investigated as well for their
potential in CO2 capture, such as diethanolamine (DEA), 2-amino-2-methyl-1propanol

(AMP),

piperazine

(PZ)

and

N-methyldiethanolamine

(MDEA)

(structures shown in Figure 1-7).49-52
CH3
HO

N
H

OH

HO

NH
CH3 2
AMP

DEA

H
N

HO

OH

N

N
H

CH3

PZ

MDEA

Figure 1-7. Structures of DEA, AMP, PZ and MDEA.
Primary and secondary alkanolamines undergo a pathway similar to MEA
in the reaction with CO2 to form carbamate. Tertiary alkanolamines (like MDEA)
do not possess an N–H bond, which is required in carbamate formation. Instead
of generating carbamate, tertiary alkanolamines react with CO2 to form
bicarbonate via a base-catalyzed CO2 hydration pathway (shown in Figure 1-8).53
In this pathway, the essential function of the tertiary alkanolamines is to facilitate
the CO2 hydrolysis to produce bicarbonates.
O
C
O

+

HO

N

O

OH
+

H2O

C O
HO

CH3

+

HO

H
N
CH3

MDEA

Bicarbonate

Figure 1-8. Reaction of CO2 with MDEA to generate bicarbonate.53
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The enthalpy of the reaction between MEA and CO2 is 70–84kJ/mol
CO2.54 Compared to MEA, DEA and MDEA both have lower reaction enthalpy in
reacting with CO2.55 This gives them lower energy requirement in solvent
regeneration process. However, these two compounds have lower CO2
absorption rates than MEA.56,57 AMP is more oxidatively and thermally stable
than MEA,58 but it has solubility issue upon CO2 loading. PZ is attracting
increasing attention in CO2 capture research due to its faster CO2 absorption
kinetics and higher resistance to oxidative and thermal degradation compared to
MEA.59,60
1.4 Solvent Loss in CO2 Absorption-Stripping System
Solvent loss is one of the major drawbacks for alkanolamines to be utilized
to capture CO2. In the CO2 absorption-stripping system, the capture solvent is
subject to loss in two major ways: volatility loss and amine degradation.
Volatility loss mainly occurs in the CO2 absorber, where volatile amines
(with relatively high vapor pressure) are lost due to the high solvent carryover
during the absorption. This amine loss is typically alleviated by letting the treated
flue gas pass through a water wash column to recover the majority of the volatile
amines.
Amine degradation is a significant limitation that aqueous alkanolamines
confront in CO2 capture. It includes oxidative degradation in the presence of
oxygen (mainly occurs in CO2 absorber) and thermal degradation during solvent
regeneration process, where a higher temperature is applied. The overall CCS
process was estimated to increase the cost of electricity by more than 80 % for a
unit with alkanolamine-based CO2 capture.61,62 Solvent degradation is an
important source of the operational cost due to the amine loss. In MEA process,
the degradation induced amine makeup cost was estimated to be approximately
10 % of the cost of CO2 capture.63
Amine oxidative degradation generates oxidized fragments, such as
organic acids, aldehydes, ammonia and amides.64,65 Thermal degradation of
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amines generally occurs at high-temperature locations such as the reboiler,
bottom of the stripper or in lean-rich heat exchanger. This process generally
produces higher molecular weight polyamines (including amine dimers, amine
trimers and cyclic amines) through a condensation mechanism.66 Degradation
not only consumes amine, resulting in higher solvent makeup rate, but also
introduces

operational

difficulties

into

the

CO2

absorption/regeneration

processes, such as raising foaming tendency and contributing to corrosion.67 In
addition, the degradation products could cause environmental impacts.
1.5 MEA Degradation in CO2 Capture Relevant Conditions
Degradation of MEA in CO2 capture relevant conditions has been
extensively studied. The degradation products have been identified via different
means and different mechanisms have been proposed.
1.5.1 MEA Oxidative Degradation
Figure 1-9 demonstrates a mechanism of MEA oxidative degradation in
the presence of oxygen proposed by Chi and Rochelle.64 It is called electronabstraction mechanism. In this mechanism, MEA oxidation is initialized by free
radicals in the absorption-stripping system or Fe3+ ions in the CO2 absorber. An
electron is extracted from the nitrogen of MEA molecule, resulting in the
formation of aminium cation radicals. This electron extraction step is believed to
be the rate-determining step. Upon the loss of a proton, an imine radical is
generated after electron rearrangement. The imine radical could then react with
oxygen to produce an aminoperoxide radical, which could hunt an electron from
MEA to form an aminoperoxide and another aminium radical to propagate the
free-radical chain reaction. Subsequently, the aminoperoxide could decompose
to generate imine and hydrogen peroxide. The imine could be hydrolyzed to form
ammonia, formaldehyde and hydroxyacetaldehyde. These degradation products
have been reported to form and are found to take part in generating downstream
products, such as hydroxyethyl formamide (HEF), and hydroxyethyl imidazole
(HEI).
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OH

H2N

O

HO

MEA

Hydroxyacetaldehyde

Free Radicals
or

H2O

Fe3+
OH

H2N

+ H2 O

NH3

+ 2 H

H2O

O

Ammonia

+ H2O2

Imine

H
Formaldehyde

Aminium Radical

OH

HN

-H
H
H2N

OH

Imine Radical

O2

H
H2N O

OH

H2N

O

OH

H
H2N O

OH
OH

+

Amino-Peroxide

Peroxide Radical

H2N

OH

Aminium Radical

Figure 1-9. Proposed mechanism of MEA oxidative degradation by Chi and
Rochelle.64
1.5.2 MEA Thermal Degradation
Amine regeneration in the absorption-stripping system greatly depends on
the stripping temperature. The thermal degradation limits the stripping
temperature for full regeneration of the absorbents and thus lowers CO2
absorption efficiency in the scrubber. This increases the capital cost of CO2
scrubbing. What’s more, approximately 60 % of the energy consumption in the
CCS process stems from the solvent regeneration.61,62 Amine thermal
degradation has become an obstacle to lower the energy requirement in the
regeneration process. On one hand, due to thermal degradation, the
alkanolamine concentration is limited below 40 wt% to avoid the severe corrosion
toward the vessels.68 This concentration limitation induces extensive energy
requirement to heat up the large volume of water during the amine regeneration
process. Given that water has a relatively high heat capacity (4.18 J·K–1g–1), the
energy consumed in heating the water has become the major portion of
regeneration energy cost.68 One another hand, enhancement of regeneration
temperature could generate a higher pressure in the stripper. This could reduce
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the energy required for the subsequent CO2 compression. However, the
regeneration temperature limit for MEA is set by its thermal degradation rate.69
This limitation does not allow MEA process to take advantage of energy saving
from the thermal compression.
The main pathway of primary and secondary alkanolamines is carbamate
polymerization.70 Figure 1-10 illustrates the MEA carbamate polymerization
mechanism, which is initialized by the MEA carbamate. The carbamate is formed
in the reaction of CO2 with MEA and it could undergo an intramolecular
cyclization to generate the first thermal degradation product in this pathway,
oxazolidin-2-one (OZD). Due to the relatively higher electronegativity, the oxygen
atom on the ring draws the electrons from the adjacent carbon, resulting in a
lower electron density on this carbon position. This makes the oxygen-adjacent
carbon vulnerable to the nucleophilic attack. Therefore, the amine group on the
MEA could nucleophilically attack the OZD to reopen the ring and thus another
product, N-(2-hydroxyethyl)ethylenediamine (HEEDA) is formed upon the CO2
loss. HEEDA could also react with CO2 to generate another carbamate, which
could cyclize as MEA carbamate to form hydroxyethylimidazolidone (HEIA). In
addition, HEEDA could function as the nucleophile as well to attack OZD to
elongate the chain, giving N-(2-hydroxyethyl) diethylenetriamine (HEDETA).
Further chain growth leads to the generation of oligomers.
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In addition to carbamate polymerization, another important MEA thermal
degradation pathway is urea formation.70 In this pathway, MEA functions as a
nucleophile to react with a MEA carbamate by attacking the carbonyl carbon of
the carbamate. This nucleophilic attack generates N,N’-bis (2-hydroxyethyl)urea
(BHEU) with the loss of H2O (shown in Figure 1-11).
O
HO

N
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O
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H

N
H
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Figure 1-11. Urea formation in MEA thermal degradation.70
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1.6 Research Objectives
The overall goal of this research is to investigate the thermal degradation
rates of candidate absorbents for CO2 capture under industrially relevant CO2
stripping conditions and to explore the thermal degradation mechanism for
different CO2 absorbents. Specifically, this work has three objectives. Firstly, in
addition to the major components, flue gas generated from coal combustion
contains minor contaminants, such as SOx, NOx and fly ash. These impurities
could enter into the capture solutions along with CO2 to form sulfate (SO42–),
thiosulfate (S2O32–) and nitrite (NO2–). Some of these compounds have been
found to increase amine oxidative degradation.71,72 In this research, the objective
is to reveal the impacts of these flue gas contaminants on MEA thermal
degradation under CO2 stripping condition. Secondly, several amino acid salts
are attractive alternatives to alkanolamines in CO2 absorption due to their fast
CO2 absorption kinetics and negligible partial pressures.73,74 However, the
thermal degradation of amino acid salts has not been reported under conditions
relevant to CO2 capture. Therefore, in order to gain a deeper insight into the
potential of amino acid salts to be used as CO2 absorbents, thermal degradation
tests were conducted to evaluate their thermal stability and figure out their
degradation mechanisms. Thirdly, a relationship is to be established between
amine structure and thermal degradation rates. Amines with similar structures
from three classes (amino acids, alkanolamines and diamines) were investigated.
Comparison of the thermal degradation rates of these amines demonstrates the
structural reasons for the thermal degradation. To accomplish these objectives,
Ion Chromatography (IC), High-Performance Liquid Chromatography/Time of
Flight Mass Spectrometry (HPLS/TOF-MS) and Nuclear Magnetic Resonance
(NMR) were utilized.
1.7 Thesis Organization
In this dissertation, following the first general background introductory
chapter, Chapter 2 describes the thermal degradation experiment and analytical
instruments utilized in this research. Chapter 3 describes the investigation of the
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impacts of flue gas contaminants on MEA thermal degradation under CO2
stripping conditions. The role of different flue gas contaminants in MEA thermal
degradation is discussed and a possible mechanism is proposed. Chapter 4
shows the evaluation of the thermal degradation of several amino acid salts,
which have been considered as promising alternatives to alkanolamines in CO2
absorption. The thermal degradation rates are compared with that of MEA
solution. In addition, on the basis of the different structures of the studied amino
acid salts, the structural reasons for the thermal degradation rates are discussed.
Following the findings in amino acid salt thermal degradation work, Chapter 5
presents the work conducted to establish the relationship between amine
structure and the thermal degradation rates. On the basis of the findings in
previous chapters, Chapter 6 discusses future work in this research area.

Copyright © Quanzhen Huang 2015
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CHAPTER II. EXPERIMENTAL AND ANALYTICAL METHODS
The experimental apparatus, thermal degradation techniques and analytical
methods utilized throughout this research are described in this chapter. UK-CAER
(University of Kentucky Center for Applied Energy Research) CO2 absorption pilot
plant and the operating conditions are described. In addition, the details of thermal
degradation experiments carried out in the cylinder are included. Analytical
methods focused on liquid-phase analysis for CO2 loading, the parent amine loss,
degradation product identification and quantification.
2.1 CAER Pilot Plant and Operating Conditions
CAER operates a 0.1 MWth pilot-scale CO2 capture facility with a coal-fired
flue gas generator (FGG). The CO2 capture facility consists of a 7.3 m (24 ft) tall
scrubber with a 25.4 cm (10”) ID solvent recovery column downstream, a 4.3 m
(14 ft) tall stainless steel stripper, and two condensers for solvent recovery in the
stripper exhaust.

Figure 2-1. UK-CAER CO2 capture pilot plant.
The FGG is a coal combustion system designed to deliver flue gas to the
CO2 capture pilot plant with a thermal design capacity of 200,000 Btu/h. Flue gas
exiting the combustor enters a high-temperature cyclone to remove particulate
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matter (primarily fly ash). After the cyclone, the SO2 concentration is lowered in the
flue gas with a wet flue gas desulphurization (WFGD) unit. The average pilot plant
operating conditions are outlined in Table 2-1. The solution was 5.0 M MEA without
any oxidation or corrosion inhibitors and was not reclaimed during the test.

Figure 2-2. Coal-fired flue gas generator connected with CAER CO2 pilot plant.
Table 2-1. CAER pilot plant solvent campaign average operating conditions
Run
Flue gas
CO2
O2
SO2
NOx
L/G
residence
Campaign
time
(vol%) (vol%) (ppm) (ppm)
ratioa
(h)
time (s)
5.0 M
133
14
6
250
90
3.9
40–50
MEA
a
Liquid to gas ratio (L/G) reported in gallons per minute (GPM) over 1000 actual
cubic feet per minute (ACFM)

2.2 Thermal Degradation Experiments
2.2.1 Amine Solution Preparation
Amine solutions were prepared by diluting the anhydrous amine with DI
water to the target concentrations (2.5 M or 5.0 M). In order to mimic the CO2-rich
condition in the CO2 regeneration tower, amine solutions were pre-loaded with CO2
gas to a carbon loading of C/N 0.4 prior to the thermal degradation. CO2 loading
was conducted by sparging CO2 gas into the amine solution with the metal porous
sparger (Length: 1”; Diameter: 0.065”; Part number: 2304-G04-01-A00-5-AB)
supplied by Mott Industry Corporation (Shown in Figure 2-3).
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Figure 2-3. Metal porous sparger supplied by Mott Industry Corporation.
2.2.2 Thermal Degradation
Thermal degradation experiments were carried out in cylinders (Figure 2-4)
constructed of 1/2” OD, 6” long 316 stainless steel tubing (10 mL volume). One
end of the tubing was welded shut while the other end was capped by a Swagelok
end cap. The alkalinity and carbon loading of the bulk solution were measured prior
to filling each reactor with 5 mL liquid.75 Nitrogen was bubbled through the sample
tubes prior to closure to deoxygenate the samples. The sample tube was then
capped and stored in an oven maintained at a specific desired temperature. Tubes
opened for sampling were not returned for further heating. To check leakage, the
tube, including solution, was weighed before and after incubation. Samples having
more than 0.2 % solution weight change were considered as leaking samples and
therefore excluded from the data set.

Figure 2-4. Thermal degradation reactor.
2.3 Analytical Methods
2.3.1 Total Inorganic Carbon (TIC) measurement
CO2 loading of amine solutions was determined by a total inorganic carbon
(TIC) apparatus (shown in Figure 2-5).75 This apparatus consists of a mass flow
controller, glass injection tube with injection septum, a drying column, a CO2
analyzer and a computer. To begin the analysis, the carrier gas, N2, was first turned
on at the source and the flow rate was set at 1.5 L/min by the mass flow controller.
The injection tube has a frit in the bottom, through which the N2 gas bubbled
through the acid. Approximately 1–2 mL of CO2-loaded sample (mass determined)
21

was injected into the sampling tube, which contains 10 mL of phosphoric acid (85
wt%) continuously sparged with nitrogen. The acid reacts with the carboncontaining salts (carbamate, carbonate and bicarbonate) to liberate the dissolved
CO2 in amine solutions. The CO2 gas was then stripped out of the sampling tube
by the nitrogen carrier gas and directed to the drying column, filled with silica gel
to remove the moisture. Afterwards, the CO2-containing gas flowed into a HORIBA
CO2 analyzer (VIA-510) with an infrared detector for CO2 concentration
determination.
CO2 Analyzer
Computer

Drying Agent

Sample
H3PO4

N2 gas
Mass Flow Controller

Figure 2-5. Schematic of total inorganic carbon apparatus.
Based on the Beer-Lambert law, A=εCL, at a given specific wavelength, the
absorbance A defined by ln(I0/I) (logarithm of the ratio of original light intensity to
the decayed intensity) is proportional to the CO2 concentration C. ε denotes the
molar absorption coefficient and L is the measurement length. Based on this
principle, a K2CO3 standard curve was developed (Figure 2-6). Prior to the CO2
loading test, the analyzer was calibrated at zero (0.00 %) and span (14.00 %) and
a K2CO3 check standard was tested to validate the standard curve.
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Figure 2-6. K2CO3 standard curve.
2.3.2 Ion Chromatography (IC)
Ion chromatography (IC) was used to quantify the parent amines and
different ions in CO2 absorption solutions. Amines quantified by cation IC include
MEA, 1-amino-2-propanol (1A2P), 2-amino-1-propanol (2A1P), ethylenediamine
(EDA), 1,3-diaminopropane (1,3-DAP), 1,2-diaminopropane (1,2-DAP) and Nmethylethylenediamine (MEDA). Anion IC was used to quantify nitrite, sulfate and
thiosulfate. The structures of the chemicals quantified by IC are shown in Table 22.
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Table 2-2. Chemicals quantified by IC in this research
CH3

H2 N

H2N

OH

H2N

OH

MEA
1A2P

Cation IC

H2N
EDA

H3C

NH2

1,3-DAP

H
N

CH3

2A1P

H2N

NH2

OH

H2N

NH2
CH3

1,2-DAP

NH2

MEDA
S

O
O

Anion IC

S

O

O

S

O

O

N
O

O

O

Sulfate

Thiosulfate

Nitrite

2.3.2.1 Apparatus Description
IC

was

performed

using

a

Dionex

ICS-3000

system

(Dionex-

ThermoScientific Sunnyvale, CA) with an AS-e40 autosampler (Figure 2-7). The
IC system has separate pumps, eluent generators, degassers, guard columns,
analytical columns, suppressors and conductivity detectors for simultaneous
cation and anion analysis.
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Figure 2-7. Dionex ICS-3000 utilized in this research.
Figure 2-9 illustrates the flow path of the Dionex ICS-3000 system. Firstly,
Milli-Q water is used as the carrier and pumped into the eluent generator to
produce eluent (mobile phase). Utilization of eluent generator in IC system allows
the automatic generation of high purity eluent by precisely controlling the electric
current applied to the electrolysis of the water to generate hydroxide and
hydronium ions. The eluent then flows through the degasser to remove the
hydrogen/oxygen gas (by-products formed in eluent generation). Afterwards, the
eluent is forwarded into a 6-port injection valve. In the sample load position, a
certain amount of sample solution is loaded into the sample loop by the
autosampler through the port 54 and is held until injection. At this position, eluent
bypasses the sample loop and flows directly towards the column through the port
23. After the injection valve switches to injection position, the eluent flows
through the sample loop to carry the sample with it via the port path 2143.
Before the sample-eluent mixture enters into the columns, it first passes through
the temperature stabilizer to reach a set temperature. Thereafter, samplecontaining eluent is pumped into the guard column and then analytical column for
the ion separation. In order to eliminate the detection response from the eluent,
after the sample-eluent mixture goes out of the analytical column, it is forwarded
into a suppressor to remove the eluent compounds. Afterwards, analyte in water
enters into the conductivity detector for ion detection. Digital signals are sent to the
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Chromeleon software. Finally, the downstream flow going out of the conductivity
detector is recycled back into the suppressor and is used as a water source for the
suppression process.

Figure 2-8. Flow schematic of Dionex ICS-3000 IC system. (Source: Dionex
corporation IC manual, 2007)
2.3.2.2 Cation IC Analysis
Cation IC was utilized to quantitate the parent amines in thermal
degradation. An IonPac CG17 guard column (4 × 50 mm) and an IonPac CS17
analytical column (4 × 250 mm) were used for cation chromatography. This system
includes a 4-mm CSRS 300 (Cationic Self-Regenerating Suppressor). The mobile
phase was methanesulfonic acid (MSA) in analytical grade water. An isocratic
cation IC program was used to quantify the parent amines. MSA concentration was
set at 15 mM for 20 min.
Figure 2-9 describes the MSA eluent generation process. The generator
consists of a low-pressure MSA electrolyte reservoir with a Pt cathode and a highpressure eluent generation chamber with a Pt anode. These two parts are
connected with an anion-exchange connector, which only allows MSA ions to pass
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from the reservoir to the generation chamber. In addition, the connector also
functions as an important physical barrier to separate the low-pressure reservoir
and the high-pressure generation chamber. Deionized water is pumped into the
eluent generation chamber. A current is applied between the Pt cathode and Pt
anode. Thus, electrolysis of water occurs in both MSA reservoir and the generation
chamber. As shown in Figure 2-9, in the MSA reservoir, water is reduced to
generate hydroxide ions, which derives the hydrogen ions from MSA, leading to
the formation of MSA– ions. In the eluent generation chamber, water is oxidized to
generate hydrogen ions, which combine with MSA– ions passing through the
reservoir to the generation chamber to form MSA. The eluent then flows through a
continuously regenerated trap column (CR-TC), which removes the anionic or
cationic contaminants in the eluent. Hydrogen gas and oxygen gas are by-products
during the eluent generation and they are either purged to the vent or removed by
the degasser.

Figure 2-9. Schematic of MSA eluent generation. (Source: Dionex corporation IC
manual, 2007)
The IonPac CS17 analytical column is a carboxylate-functionalized cation
exchanger. The substrate of this column is a macroporous resin bead with a
diameter of 7 um, which consists of ethylvinylbenzene crosslinked with 55 %
divinylbenzene (as shown in Figure 2-10).76
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Figure 2-10. Carboxylate-functionalized cation exchanger.76
Ion-exchange process is determined by the exchange equilibrium between
the ions in mobile phase (MSA solution for cation IC) and on the surface of the
stationary phase (cation column) (Equation 2-1). RCO2– represents a carboxylate
group immobilized on the IC column. Cx+ represents a protonated amine carried in
the mobile phase and it is retained by the carboxylate group on the column. Elution
with a dilute MSA solution shifts the equilibrium to the left and hence the protonated
amine is transferred into the mobile phase from the stationary phase. The cations
then travel down the column in a series of transfers between the mobile phase and
stationary phase. On the basis of the different affinity between the cations and the
column, cations pass through the IC column with different retention times and
therefore they are separated.

x RCO2-H+(s) + Cx+(aq)

(RCO2)xCx+(s) + x H+(aq)

(2-1)

After analyte-containing mobile phase exits the analytical column, it passes
through suppressor CSRS-300 to remove the MSA from the solution before it
reaches the conductivity detector. CSRS-300 offers continuous suppression on
MSA up to 100 mM. As shown in Figure 2-11, the CSRS-300 suppressor consists
of two regenerating chambers and one eluent suppression chamber separated by
ion-exchange membranes. Electrodes are placed along the side wall of
regenerating chambers and a potential is applied across the electrodes. Water
enters into the regenerating chambers and is electrolyzed. Hydronium ions (H3O+)
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and oxygen gas are generated in the anode side while hydroxide ions (OH–) and
hydrogen gas are formed in the cathode side. In eluent suppression chamber,
eluent flows countercurrent to the water in regenerating chambers. MSA molecules
are neutralized by the hydroxide ions from the cathode regenerating chamber
passing through an anion exchange membrane. To balance the charges, the
formed CH3SO3– ions migrate through the exchange membrane to anode
regenerating chamber to combine with the hydronium ions.

Figure 2-11. Schematic of CSRS 300 (Source: Dionex corporation IC manual,
2007)
2.3.2.3 Anion IC Analysis
Anion IC was utilized to identify and quantitate nitrite, sulfate and thiosulfate.
The anion system consisted of an ASRS-300 suppressor, EGC III KOH (potassium
hydroxide) eluent generator, IonPac AS15 analytical column and an AG15 guard
column. A CRD-200 Carbonate Removal Device (Dionex) was installed on the
anion system to reduce the amount of dissolved carbon dioxide in the samples.
Figure 2-12 describes the KOH eluent generation process. The generator
consists of a low-pressure KOH electrolyte reservoir with a Pt anode and a highpressure eluent generation chamber with a Pt cathode. These two parts are
connected with a cation-exchange connector, which only permits the passage of
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cations (like K+) while preventing anions from migrate from the reservoir to the
generation chamber. Deionized water is pumped into the eluent generation
chamber. A current is applied between the Pt cathode and Pt anode. Thus,
electrolysis of water occurs in both KOH reservoir and the generation chamber. As
shown in Figure 2-12, in the KOH reservoir, water is electrolyzed to generate
hydrogen ions, which neutralize hydroxide ions in the reservoir. Then, the
potassium ions (K+) travel into the eluent generation chamber, where water is
reduced to hydroxide ions and hydrogen gas at the Pt cathode. Thereafter, the
eluent KOH formed in the generation chamber flows through the CR-TC to remove
the anionic or cationic contaminants in the eluent. Hydrogen gas and oxygen gas
are by-products during the eluent generation and they are either purged to the vent
or removed by the degasser.

Figure 2-12. Schematic of KOH eluent generation. (Source: Dionex corporation IC
manual, 2007)
The IonPac AS15 analytical column is functionalized with alkanol
quaternary ammonium groups. The substrate of this column is a macroporous
resin bead with a diameter of 5 um, which consists of ethylvinylbenzene
crosslinked with 55 % divinylbenzene. Anion separation is based on equation 2-2.
RN(CH3)3+ represents an alkanol quaternary ammonium group immobilized on the
anion IC column substrate. Ax– represents a mobile phase anion thatt is retained
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by the ammonium group on the column. Elution with a dilute KOH solution shifts
the equilibrium to the left and hence the target anions are transferred into the
mobile phase from the stationary phase. Due to the different affinity of the anions
to the column, anions are separated by retention time.
x RN(CH3)3+OH-(s) + Ax-(aq)

[RN(CH3)3+]xAx-(s) + x OH-(aq)

(2-2)

Anion suppressor ASRS-300 works in a similar mechanism to the cation
suppressor. ASRS-300 offers continuous suppression on KOH up to 200 mM. As
shown in Figure 2-13, similarly to CSRS-300, ASRS-300 consists of two
regenerating chambers with electrodes placed along the sidewall and one eluent
suppression chamber separated by cation-exchange membranes. Water enters
the regenerating chambers and is electrolyzed. Hydronium ions pass through the
cation-exchange membrane from anode-generating chamber to the eluentsuppression chamber and neutralize the hydroxide ions. Potassium ions in the
eluent chamber migrate into the cathode-generating chamber and are attracted by
the hydroxide ions.

Figure 2-13. Schematic of ASRS 300. (Source: Dionex corporation IC manual,
2007)
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A potassium hydroxide (KOH) eluent gradient was used. The anions were
separated with an eluent gradient with an initial KOH concentration of 2 mM and
increased to 5 mM at 4 min. This was followed by an increase to 30 mM at 24 min
and then increased to 45 mM at 32 min and held for 4 min. The conductivity
detector was maintained at 35 °C. A 25-µL injection loop was installed with a
sample injection volume of 10 µL. An individual calibration standard for each anion
was prepared by diluting the stock solutions with 18.2 MΩ water. Figure 2-14
shows the IC chromatograph of an anion cocktail solution, which includes 15 ppm
of formate, chloride, nitrite, nitrate, sulfate, oxalate and thiosulfate. Anions are well
separated using this program. Quantitation is conducted by applying a standard
curve for each anion.

Figure 2-14. An anion IC chromatograph of an anion cocktail solution including
formate, chloride, nitrite, nitrate, sulfate, oxalate and thiosulfate (15 ppm each).

2.3.3

High-performance

Liquid

Chromatography/Time-of-flight

Mass

Spectrometry (HPLC/TOF–MS)
An Agilent 1260 infinity HPLC coupled with 6224 Time-of-Flight (TOF) MS
(shown in Figure 2-15) was utilized to identify and quantify amine degradation
products. The analytical column was Pinnacle DB AQ C18, 50 × 3 mm, 3 µm
(Restek Bellefonte, PA) with Restek trident inline filter for reverse-phase
chromatography. The eluent was water (90 %) with 0.01 % formic acid and 10 %
methanol. Injection volume was 5 µL and the flow rate was 0.3 mL/min for total run
time of 6min. Column temperature was 20 °C. All samples were prepared with 18.2
MΩ water to a 100 times dilution factor for amine thermal degradation product
analysis with HPLC/TOF–MS.
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Figure 2-15. HPLC/TOF–MS utilized in this research.
After

molecules

pass

through

HPLC

(High-performance

Liquid

Chromatography) column, they were ionized by dual electrospray source (ESI)
with positive mode of ionization. ESI is a soft ionization process. As shown in
Figure 2-16, analyte ion-containing mobile phase is pumped into a nebulizer and
sprayed out from the tip of the nebulizer needle to form droplets. The needle (at
ground potential) is surrounded by a semi-cylindrical electrode to which a high
voltage (around 4000 V) is applied. This voltage generates a strong electric field,
which charges the surface of the liquid droplets. Heated nitrogen drying gas flows
countercurrent to the charged droplets at the sample capillary entrance to dry the
droplets. Hence, the charged droplets keep shrinking until the electrostatic
repulsion exceeds the droplet surface tension. Then, a droplet explosion occurs
and this process is repeated until the analyte ions are desorbed into the gas phase.
Thereafter, the charged analyte molecules pass through the sample capillary and
into the mass analyzer.
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Figure 2-16. ESI process in HPLC/TOF–MS analysis. (Source: Agilent 6224 TOF
MS manual)
A mass range of 40–500 m/z was screened by TOF–MS. Complete system
control and data acquisition were carried out using the Agilent Mass Hunter
workstation software version B.05.00. The extracted ion chromatograms (EIC)
were used for product quantification. Application of appropriate standard curves
on the target peaks allows the quantification on the amine thermal degradation
products.

2.3.4 Inductively Coupled Plasma (ICP) Emission Spectrometer
A Varian 720-ES Inductively Coupled Plasma (ICP) Emission Spectrometer
was used to determine the level of metal ions leaching from fly ash into the solvent
in fly ash-containing samples. Samples were analyzed employing CAER standard
operating conditions (plasma power: 1.0 kW; reflect power: < 5 W; generator: 40.68
MHz; plasma flow: 15.0 L/min; auxiliary flow: 1.50 L/min; nebulizer flow: 0.75
L/min). A Varian charged-coupled device (CCD) was used as the detector. An
external drift monitor was used to correct for change of the analyte signal with time.
Samples were prepared by nitric acid digestion and diluted with a dilution factor of
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20 with 18.2 MΩ water. Calibration standards were prepared by diluting NIST
traceable 100 mg/L multi-element solutions. The final concentrations were made
to volume in deionized water with 1 % high-purity nitric acid used to improve the
long-term stability of the solutions.

Copyright © Quanzhen Huang 2015
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CHAPTER III. IMPACT OF FLUE GAS CONTAMINANTS ON MEA THERMAL
DEGRADATION
Adapted with permission from Huang, Q. Z.; Thompson, J.; Bhatnagar, S.;
Chandan, P.; Remias, J. E.; Selegue, J. P.; Liu, K. L. Impact of flue gas
contaminants on monoethanolamine thermal degradation. Ind. Eng. Chem. Res.
2014, 53, 553-563. Copyright 2014 American Chemical Society.
3.1 Introduction
The buildup of contaminants in post-combustion CO2 capture solvents is
an important concern for the MEA process. Coal combustion presents a
potentially high source of contamination in flue gas, despite existing pollution
control devices. Due to the closed solvent loop in amine-based CO2 capture,
these components, including uncaptured SOx, NOx and fly ash, tend to build up in
the CCS system only to be removed by the solvent reclaimer. The impact of
these components on solvent performance and degradation will ultimately set the
reclaimer rate, potentially affect the useable solvent lifetime, and affect such
critical items as absorber capital (e.g., if a decreased mass transfer rate were
obtained). Therefore, it is critical to understand the impact of flue gas
contaminants on the degradation of amines for CO2 capture.
Some researchers have investigated the impact of acidic gases on CO2capture amine solvent degradation.71,72,77 Supap compared the contribution of
SO2 and O2 to MEA oxidative degradation under different conditions during a
CO2 absorption process. SO2 was found to accelerate MEA oxidative degradation
and have a higher propensity to cause MEA to degrade than O2.71 Recently,
Fostas reported that NOx could also react with MEA to form diethanolamine
(DEA) under absorber-like conditions and could potentially nitrosate further.72
Chandan investigated the impact of NO2 present in the flue gas to nitrosate
secondary amines such as morpholine.77 Zhou investigated the effect of Na2SO3,
H2SO4 and HNO3 on MEA thermal degradation and claimed that these additives
do not affect MEA thermal degradation rates.78 Silva studied the effect of fly ash
on MEA oxidative degradation.79 The stability of MEA was claimed to be lower in
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the presence of fly ash under oxidative conditions compared to MEA alone. In
this research, it was also found that the presence of metals (iron, chromium,
nickel and molybdenum) has no significant effect on MEA thermal degradation.
This work focuses on the effects of flue gas contaminants, which were
also observed in the CAER 0.1 MWth pilot plant and other coal-derived flue gas
studies, on MEA thermal degradation. The contaminants include NO2− (nitrite),
S2O32− (thiosulfate), SO42− (sulfate) and fly ash. The impact of nitrite, fly ash and
their synergistic effect on the thermal degradation of amine solvent has not been
reported so far. Thiosulfate and sulfate have not been investigated for their
potential influence on MEA thermal degradation. The data presented in this work
will help to determine the potential solvent loss in the presence of the
contaminants and will be valuable to identify the degradation products formed
from the actual CO2 capture process. 5.0 M MEA containing different
contaminants (including sodium sulfate, sodium thiosulfate, sodium nitrite and
different types of fly ash) were utilized to simulate the contaminants from coal
combustion. The results were compared to the reference MEA-only solution with
the same concentration. Accelerated degradation conditions were selected that
were still relevant to CO2 capture thermal stripping conditions and so carbonloaded solutions of the flue gas-containing MEA solvents were exposed to 125
°C (stripper operating temperature), 135 °C and 145 °C (reclaimer operating
temperature) under static conditions. Degradation products were investigated by
IC and HPLC/TOF–MS. By analyzing the products formed, insight is provided
into the pathways for flue gas contaminant associated MEA thermal degradation.
3.2 Experimental
3.2.1 Chemicals
The chemicals used in this research are listed in Table 3-1.
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Table 3-1. Chemicals used in this research
Chemical

Purity/
Concentration

Source

Formula/Structure

Sodium nitrite
Sodium sulfate
Sodium thiosulfate
Certified anion standards of
nitrite, nitrate and sulfate
Certified anion standards of
thiosulfate
Monoethanolamine (MEA)

≥ 97 %
≥ 99 %
98.5 %

Acros Organics
Acros Organics
Acros Organics
Environmental
Express
Inorganic
Ventures
Avantor

NaNO2
Na2SO4
Na2S2O3
NaNO2, NaNO3 and
Na2SO4

100 ppm
1000 ppm
99 %

Oxazolidin-2-one (OZD)

98 %

Sigma-Aldrich

N-(2Hydroxyethyl)ethylenediamin
e (HEEDA)

99 %

Sigma-Aldrich

N-(2Hydroxyethyl)imidazolidin-2one (HEIA)

75 %

N,N’-Bis (2hydroxyethyl)oxamide
(BHEOX)

Na2S2O3
NH 2

HO

O

O

NH

H
N
HO

NH2
O

Sigma-Aldrich

OH
HN

N
O

98 %

Sigma-Aldrich
Millipore,
Direct-Q

DI Water

H
N

OH

HO

N
H
O

3.2.2 Thermal Degradation Evaluation
Sodium salts were used as the source of sulfate, thiosulfate and nitrite. 5.0
M MEA solutions containing 5000 ppm of sulfate, thiosulfate, nitrite and 2.0 wt%
(liquid basis) fly ash (Kentucky fly ash, Powder River Basin (PRB) fly ash or
Texas Lignite fly ash) were heated at 125 °C, 135 °C and 145 °C for MEA loss
comparison and product quantification. Pure 5.0 M MEA solution was used as
the reference. In addition, MEA solutions containing nitrite were heated for 1 h at
105 °C, 115 °C, 125 °C and 135 °C for MEA degradation activation energy
calculation before the nitrite is depleted.
3.2.3 Methods of Analysis
Anion IC was utilized to identify and quantitate the flue gas contaminants
including nitrite, sulfate and thiosulfate. Cation IC was used to quantify MEA loss
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during thermal degradation in the presence and absence of flue gas
contaminants. HPLC/TOF–MS was utilized to identify and quantify MEA thermal
degradation products. . Calibration standard curves were generated for
oxazolidin-2-one (OZD), N-(2-hydroxyethyl)ethylenediamine (HEEDA), N-(2hydroxyethyl)imidazolidin-2-one (HEIA) and N,N’-bis(2-hydroxyethyl)oxalamide
(BHEOX) with a concentration range from 1 to 50 ppm. Based on the structure
similarity, the HEEDA standard curve was applied for the quantification of N-(2hydroxyethyl) diethylenetriamine (HEDETA) and diethanolamine (DEA). The
HEIA standard curve was utilized to quantify N-[2-[(2-hydroxyethyl)amino]ethyl]imidazolidin-2-one (HEAEIA), N-(2-aminoethyl)-N’-(2-hydroxyethyl)imidazolidin-2one (AEHEIA), N-(2-hydroxyethyl)piperazin-3-one (HEPO) and N,N’-bis(2hydroxyethyl)imidazolidin-2-one (BHEI). The BHEOX standard was used to
estimate N,N’-bis-(2-hydroxyethyl)urea (BHEU). Varian 720-ES ICP Emission
Spectrometer was used to determine the level of metal ions leaching from fly ash
into the solvent in fly ash-containing samples. Samples were prepared by nitric
acid digestion and diluted with a dilution factor of 20 with 18.2 MΩ water.
Calibration standards were prepared by diluting NIST-traceable 100 mg/L multielement solutions. The final concentrations were made to volume in deionized
water with 1 % high-purity nitric acid used to improve the long-term stability of the
solutions.
3.3 Flue Gas Contaminant Accumulation in a 0.1 MWth Pilot Plant
As shown in Figure 3-1, sulfate, nitrate, thiosulfate and nitrite
accumulation were monitored over time for a MEA pilot plant campaign. Sulfate
and thiosulfate could be formed via SO2 disproportionation reaction.78 Nitrate and
nitrite were generated from the reaction of NOx (NO2 and NO) with water
(equation 3-1 to 3-4).80,81
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2 NO2(g) ⇌ N2O4(g)

(3-1)

2 NO2(g) + H2O(l) → HNO2(l) + HNO3(l)

(3-2)

N2O4(g) + H2O(l) → HNO2(l) + HNO3(l)

(3-3)

NO2(g) + NO(g) + H2O(l) → 2 HNO2(l)

(3-4)

Sulfate, nitrate and thiosulfate accumulated in the MEA solution, reaching
approximately 3400 ppm sulfate, 700 ppm nitrate and 70 ppm thiosulfate after
100 h operation without solvent reclaiming. However, under the same conditions,
the content of nitrite was relatively small (around 10 ppm) and consistent. This
indicates that the nitrite might be reacting with the capture solvent.

Figure 3-1. Concentration of flue gas contaminants (sulfate, nitrate, thiosulfate
and nitrite) in the CAER pilot plant. Standard deviation bars are included, n = 3.
3.4 Nitrite-Induced MEA Degradation
The influence of nitrite on MEA degradation under CO2-capture thermal
stripping and reclaiming conditions was investigated by exposing carbon-loaded
solutions of 5.0 M MEA + 5000 ppm nitrite solution to 125 °C, 135 °C and 145 °C
using 5.0 M MEA as a reference. The nitrite concentration used was more than
what was observed in pilot plant samples and was selected to allow
determination of degradation products and pathways from this composition in a
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relative short experimental duration. Figure 3-2 presents the comparison of
degradation rate of 5.0 M MEA with that of 5.0 M MEA + 5000 ppm nitrite
solution. NaNO2 was used as the source of nitrite. Comparison is shown as the
MEA loss percent of the initial amine concentration. Standard deviation bars are
included for 4 replicates. CO2 was pre-loaded at a molar basis to CO2/amine
(C/N) of 0.4 by sparging water-saturated CO2 into the solutions. Figure 3-2a
shows the MEA loss rate after 14 h heating at 125 °C, 135 °C and 145 °C, while
Figure 3-2b illustrates the MEA loss comparison at 145 °C for different heating
times. MEA degrades significantly more in the presence of nitrite (5000 ppm)
than MEA alone at the same amine molar concentration at all three
temperatures. For instance, after 14 h heating at 145 °C, MEA loss rate is 5-fold
higher in the presence of nitrite compared to MEA alone.

Figure 3-2. Comparison of degradation rate of 5.0 M MEA with that of 5.0 M MEA
+ 5000 ppm nitrite solution (a. 14 h heating at 125 °C, 135 °C and 145 °C; b.
different heating times at 145 °C).

Interestingly, after 14 h heating, nitrite was found to be fully consumed at
all three temperatures even in the absence of oxygen to oxidize the nitrite to
nitrate (shown in Figure 3-3). This result indicates that nitrite could be quickly
consumed in the reaction with MEA.
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Figure 3-3. Anion IC chromatograph of nitrite in MEA-nitrite solution (5.0 M MEA
+ 5000 ppm nitrite) after 14 h heating at 145 °C.
In order to gain a deeper insight into the nitrite consumption rate, the
nitrite-MEA solution was heated for a shorter time (1 h) at different temperatures
(105 °C, 115 °C, 135 °C and 145 °C). Figure 3-4 illustrated that nitrite loss rate is
dramatically enhanced by the temperature increase. After the temperature
reaches 135 °C, over 50 % of nitrite was depleted after 1 h heating. Nitrite is
totally consumed after 3 h heating at 145 °C. This rapid nitrite consumption rate
explains the low nitrite level in pilot plant solvents. Blank experiments were
conducted to heat nitrite (5000 ppm) aqueous solution without MEA and keep
MEA-nitrite solution at room temperature for the tested time period. The nitrite
content did not vary in either of the cases. This indicates that, in the absence of
oxygen, the nitrite depletion stems from the reaction with MEA. In addition,
heating is an essential condition for this reaction to occur in MEA solution. This
reaction between MEA and nitrite is different than the nitrosation reaction, which
is carried out on secondary amines.82
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Figure 3-4. Nitrite loss in the solution of 5.0 M MEA + 5000 ppm nitrite after 1 h
heating at different temperatures (105 °C, 115 °C, 135 °C and 145 °C). Standard
deviation bars are included, n = 3. CO2 was pre-loaded at a molar basis to
CO2/amine (C/N) of 0.4.
3.5 Degradation Activation Energy Calculation
MEA degradation activation energies were calculated utilizing data
collected at different temperatures. MEA thermal degradation has been
recognized to be a first-order reaction.83,84 Therefore, the first-order MEA loss
rate constant, k1, was calculated for MEA degradation in the presence and
absence of nitrite as shown in equation 1, where C is the amine concentration at
a certain time point. Solving equation 3-5 yields k1, which is dependent on
temperature and activation energy (Ea) in terms of the Arrhenius equation
(equation 3-6). A is the pre-exponential factor and R is the ideal gas constant.
Degradation Rate = k1C
k1=A

/

(3-5)
(3-6)

An Arrhenius plot was constructed for 5.0 MEA solutions with and without nitrite.
The logarithmic k1 was plotted against inverse temperature (Figure 3-5). For MEA
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solution without nitrite, rate data collected at 125 °C, 135 °C and 145 °C with the
heating times of 5 h, 10 h and 14 h were used. For nitrite-MEA solution, data
collected in a shorter heating time (1 h) before nitrite was completely depleted
were chosen so as to avoid the MEA loss rate change after nitrite was
consumed. As expected, MEA-nitrite solvent gives a greatly increased MEA loss
rate over that of MEA alone. Comparison is shown as the logarithm of k1 with
standard deviation for data points. For MEA solution without nitrite, rate data
collected at 125 °C, 135 °C and 145 °C with heating times of 5 h, 10 h and 14 h
were used; n = 3. For nitrite-containing MEA solution, data were collected for 1 h
heating at 105 °C, 115 °C, 125 °C and 135 °C; n = 3.

Figure 3-5. Activation energy calculation for the thermal degradation of 5.0 M
MEA and 5.0 M MEA + 5000 ppm nitrite. CO2 was preloaded to CO2/amine of
0.4.
The slope of the Arrhenius plot was calculated and thus the activation
energy of each solvent was determined (Table 3-2). The MEA degradation
activation energy of MEA-nitrite solution is approximately one-seventh of that of
MEA solution without nitrite. This significant difference indicates nitrite-induced
MEA degradation rate-determining step is different from the conventional
carbamate polymerization mechanism.48 On one hand, nitrite may form some
intermediate with MEA to lower the activation energy for MEA degradation and
product generation. On the other hand, the tremendously higher MEA loss rate in
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the presence of nitrite implies that nitrite may trigger free-radical chain reactions
to generate MEA or amine radicals upon heating, which could more reactively
participate in the degradation pathway.
Table 3-2. Thermal degradation activation energy of MEA and MEA-nitrite
solutions.
Activation Energy (kJ/mol)
5.0 M MEA

152

5.0 M MEA + 5000 ppm Nitrite

21

3.6 MEA Degradation Products in the Presence of Nitrite
In order to better understand the mechanism of nitrite-induced MEA
degradation, the degradation products were identified and quantified by
HPLC/TOF–MS for both MEA and MEA-nitrite solutions. Using the experiment of
14 h heating at 145 °C as an example, Table 3-3 lists a summary of the main
MEA degradation compounds in the presence of nitrite. Compared to the
products formed in MEA solution without nitrite, nitrite not only enhanced the
generation of several MEA thermal degradation products but also induced the
formation of DEA and HEPO, which were reported to form during MEA oxidative
degradation process.22
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Table 3-3. MEA degradation product in the presence of nitrite
Name

Abbreviation

[M+H]+
(m/z)

Oxazolidin-2-one

OZD

88.0399

N-(2-Hydroxyethyl)ethylenediamine

HEEDA

105.1030

N-(2-Hydroxyethyl)imidazolidin-2-one

HEIA

131.0816

N,N’-Bis-(2-hydroxyethyl)urea

BHEU

149.0236

N-(2-Hydroxyethyl)-diethylenetriamine

HEDETA

148.0964

N-[2-[(2Hydroxyethyl)amino]ethyl]imidazolidin2-one

HEAEIA

174.0077

NH2

N-(2-Aminoethyl)-N’-(2hydroxyethyl)imidazolidin-2-one

AEHEIA

174.0077

OH

N,N’-Bis(2-hydroxyethyl)imidazolidin2-one

BHEI

175.1077

Diethanolamine

DEA

106.0852

N-(2-Hydroxyethyl)piperazin-3-one

HEPO

145.1323
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As shown in Figure 3-6, OZD, HEEDA, HEIA, BHEU, HEDETA, HEAEIA,
AEHEIA and BHEI were observed to form in MEA solution after 14 h heating at
145 °C. Based on the structure similarity, the HEEDA standard curve was applied
for the quantification of HEDETA and DEA. The HEIA standard curve was utilized
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to quantify HEAEIA, AEHEIA, BHEI and HEPO. The BHEOX standard was used
to estimate BHEU. The product content could be listed from greatest to least in
the order HEEDA > BHEU > HEIA > OZD > BHEI > AEHEIA > HEAEIA >
HEDETA. HEEDA was observed to be the major product on the current heating
time scale, accounting for more than 50 % total MEA loss. HEEDA is a diamine
and is formed in the reaction of OZD with MEA in the absence of nitrite.86,87
Addition of nitrite (5000 ppm) nearly doubled the HEEDA formation after 14 h
heating.

Figure 3-6. MEA degradation product comparison in 5.0 M MEA and 5.0 M MEA
+ 5000 ppm nitrite after 14 h heating at 145 °C. CO2 was preloaded to
CO2/amine of 0.4.
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A plausible route to the nitrite-induced HEEDA production is shown in
Figure 3-7. Nitrite could react with the hydroxyl group on MEA to form a better
leaving group as nitrate. Another MEA could attack through an intermolecular
substitution reaction to cleave nitrate and generate HEEDA. Therefore, with the
assistance from nitrite, MEA may form HEEDA without undergoing the formation
of OZD. This could explain the significant lower activation energy of MEA thermal
degradation in the presence of nitrite.
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Figure 3-7. Proposed pathway for the nitrite-induced formation of HEEDA and
HEDETA.
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Other than HEEDA, the generation of several other products was also
stimulated by nitrite. HEDETA content was increased by one order of magnitude
in nitrite-MEA solution. HEDETA is a MEA trimer, which is generated in the
reaction of OZD with HEEDA.48 It is believed that nitrite promotes HEDETA
production in the same manner as it functions in HEEDA formation (Figure 3-7).
In addition, BHEU generation was enhanced by around 30 % by addition of
nitrite. BHEI content in nitrite-MEA solution was 114 % higher than that of MEA
alone solution. As mentioned above, nitrite-induced free radical reaction could be
another possible mechanism to stimulate the generation of these degradation
products.
In addition to the thermal degradation products formed in MEA, nitrite
induced the formation of DEA and HEPO, which have been known to form in
MEA oxidative degradation. Between these two compounds, DEA is the primary
product with the amount generated approximately 4 times of that of HEPO. MEA
has been reported to react with nitrosonium cation (NO+) to form DEA via a
diazotization mechanism.70, 72, 88 Based on this mechanism, formation of DEA in
MEA-nitrite solution is understandable because nitrosonium cation could be
generated from nitrite upon heating.77
3.7 Inhibition of Nitrite-Induced MEA Degradation by Fly Ash
3.7.1 MEA Thermal Degradation in the Presence of Fly Ash
Fly ash in flue gas consists of unburned carbon and inorganic oxides
(Table 3-4) including silicon and alumina oxides and small amount of transition
metal elements (such as copper, chromium, nickel, iron and vanadium). Usually
more than 99 % of fly ash is removed from coal-fired flue gas by electrostatic
precipitator or fabric filters before it enters into CO2 capture process.89 However,
dissolved copper and iron at concentrations as low as 10 ppm are sufficient to
cause serious amine oxidative degradation.65,89 In addition, chromium, nickel and
vanadium ions were found to catalyze MEA oxidative degradation,64,

90-93

whereas the presence of other metal ions, including iron, chromium, nickel and
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molybdenum, was reported to have no significant effect on MEA thermal
degradation.79
Table 3-4. Composition of the studied fly ash
Fly Ash

Fe2O3 (%)

CaO (%)

MgO (%)

SO3 (%)

Kentucky coal

16.85

4.99

1.15

1.09

5.73

21.13

4.38

1.72

4.22

14.68

2.02

1.46

Powder River Basin subbituminous (PRB)
Texas lignite

Given that fly ash is an unavoidable flue gas contaminant during the
realistic CO2 capture process, in this work, 3 different types of fly ash were added
to MEA to determine whether the presence of fly ash had an impact on amine
thermal degradation. Figure 3-8 presents the comparison of MEA degradation
rates of fly ash containing 5.0 M MEA (with 2.0 wt% of Kentucky coal fly ash,
PRB fly ash and Texas lignite coal fly ash) with 5.0 MEA without fly ash at 135 °C
and 145 °C. Comparison is shown as the MEA loss percent of the initial amine
concentration. Standard deviation bars are included, n = 2. CO2 was pre-loaded
at a molar basis to CO2/amine of 0.4. Data points were collected for 1 week
heating. It was observed that, after 1 week of heating at 135 °C and 145 °C,
addition of fly ash does not significantly influence MEA thermal degradation rate.
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Figure 3-8. Comparison of MEA degradation rates of fly ash contained 5.0 M
MEA with 5.0 MEA without fly ash at 135 °C and 145 °C. Standard deviation bars
are included, n = 2. CO2 was pre-loaded at a molar basis to CO2/amine of 0.4.
ICP analysis was conducted to monitor the solution metal ion levels (Table
3-5). The dissolved iron ion concentration is in the range of 40−65 ppm, which is
at least 3-fold higher than a sufficient amount to catalyze MEA oxidative
degradation if conditions permitted.65 Chromium and nickel were also observed
and quantified in MEA-fly ash solutions. This result confirms that these metal ions
have no catalytic effect on MEA thermal degradation.
Table 3-5. Metal ion content (ppm) in fly ash contained MEA
Concentration (ppm)

V

Cr

Fe

Ni

Cu

Kentucky Coal Fly Ash

0.5

11.3

55.8

2.3

<0.1

PRB Fly Ash

0.6

16.3

41.7

32.6

<0.1

Texas Lignite Fly Ash

<0.1

9.2

64.4

117.5

<0.1

3.7.2 Inhibition Effect of Fly Ash
To simulate the real operation of post-combustion CCS process, fly ash
was also added to MEA-nitrite solution to gain insight into the synergistic impacts
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of fly ash on nitrite-induced MEA thermal degradation. 2.0 wt% of Kentucky fly
ash, PRB fly ash and Texas lignite fly ash were separately added into MEA-nitrite
solutions. Figure 3-9 illustrates a comparison of MEA degradation rates of
different fly ash-containing (2.0 wt%) MEA with 5.0 M MEA without fly ash and
5.0 M MEA + 5000 ppm nitrite at 145 °C. Comparison is shown as the MEA loss
percent of the initial amine concentration. Interestingly, after 14 h heating at 145
°C, MEA loss in MEA-nitrite solution was dramatically reduced by the addition of
fly ash although the MEA loss was still higher than that of MEA alone. Compared
to MEA-nitrite solution, addition of fly ash decreased nitrite-induced MEA
degradation by over 80 %. This demonstrated that fly ash could inhibit nitrite
associated MEA degradation at the elevated temperatures tested here. This
positive function of fly ash could benefit the application of the MEA CO2
absorption process by alleviating the potential damage of nitrite-accelerated MEA
thermal degradation under stripping conditions.

Figure 3-9. Comparison of MEA degradation rates of different fly ash (2.0 wt%)
contained MEA with 5.0 M MEA without fly ash and 5.0 M MEA + 5000 ppm
nitrite at 145 °C. Standard deviation bars are included, n = 2. CO2 was preloaded at a molar basis to CO2/amine (C/N) of 0.4. Data points were collected for
14 h heating.
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Similar to what was observed in MEA-nitrite solution, nitrite monitored by
IC was found to be fully consumed after heating the MEA-nitrite-fly ash solutions.
In order to clarify whether fly ash could physically adsorb nitrite during the
experiment, a blank experiment was conducted to heat a fly ash-containing
aqueous nitrite solution (5000 ppm nitrite + 2.0 wt% PRB fly ash) without MEA at
145 °C for 14 h. As shown in Figure 3-10, the nitrite content was observed to be
the same after heating compared to that before heating. This indicates that the
inhibition function of fly ash does not result from physically adsorbing nitrite.

Figure 3-10. Blank experiment to clarify whether fly ash could physically adsorb
nitrite during the thermal degradation experiment.
Another possibility for how fly ash inhibits nitrite-induced MEA loss is that
nitrite could form coordination complexes with the transition metal ions derived
from fly ash in the basic environment of MEA solutions. Nitrite is a strong ligand
and could form coordination complexes with iron, chromium, nickel and copper
ions,94-97 which have been observed in MEA-nitrite-fly ash solutions (Table 3-5).
The coordination could deactivate the functionality of nitrite in accelerating MEA
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degradation. Furthermore, if nitrite induces free-radical chain reactions upon
heating, the active MEA or amine radicals could scavenge electrons from fly ash.
This will quench the chain reactions and stop the nitrite-induced MEA loss and
product generation.
MEA degradation activation energy was also calculated for MEA-nitrite-fly
ash solutions in the manner described above (Figure 3-11). As discussed above,
addition of nitrite significantly decreases MEA degradation activation energy.
However, after the fly ash was introduced into MEA-nitrite solution, the activation
energy was enhanced to 126.1 kJ/mol from 21.3 kJ/mol (Table 3-6). This reflects
that addition of fly ash weakens the involvement of the nitrite in the MEA
degradation pathway.

Figure 3-11. Activation energy calculation for the thermal degradation of 5.0 M
MEA, 5.0 M MEA + 5000 ppm nitrite and 5.0 M MEA + 5000 ppm nitrite + 2.0
wt% PRB fly ash. CO2 was preloaded to CO2/amine of 0.4.
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Table 3-6. Thermal degradation activation energy of MEA-nitrite and MEA-nitritefly ash solutions
Activation Energy (kJ/mol)
5.0 M MEA + 5000 ppm Nitrite

21

5.0 M MEA + 5000 ppm Nitrite + 2.0 wt%
PRB Fly Ash

126

Furthermore, MEA degradation products were quantified for MEA-nitrite-fly
ash solutions. As presented in Figure 3-12, product comparison suggested that
addition of fly ash reduced the formation of HEEDA in MEA-nitrite solution by 30–
40 %. HEDETA generation was reduced by 19 %–36 % and BHEU generation
was decreased by 11 %−15 % in MEA-nitrite-fly ash solution compared to MEAnitrite solution. The reduced product formation confirms the inhibiting ability of fly
ash on nitrite-induced MEA degradation.
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Figure 3-12. MEA degradation product comparison for 5.0 M MEA, 5.0 M MEA +
5000 ppm nitrite and 5.0 M MEA + 5000 ppm nitrite + 2.0 wt% fly ash after 14 h
heating at 145 °C. CO2 was pre-loaded at a molar basis to CO2/amine of 0.4.
3.8 MEA Thermal Degradation in the Presence of Sulfate and Thiosulfate
The impact of sulfate and thiosulfate on MEA thermal degradation rate
was investigated by degrading 5.0 M MEA + 5000 ppm sulfate and 5.0 M MEA +
5000 ppm thiosulfate each at 125 °C, 135 °C and 145 °C. 5.0 M MEA was used
as a reference solution. Compared to the contaminant level in the CAER pilot
plant, 5000 ppm was a severe condition, especially for thiosulfate. The purpose
for applying the impurities at the chosen level was to clarify whether these two
compounds make an impact on MEA degradation in a relatively short heating
time. Figure 3-13 shows the MEA degradation rates with and without 5000 ppm
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sulfate and 5000 ppm thiosulfate solutions at 125 °C, 135 °C and 145 °C. The
rate is shown as the MEA loss percent of the initial amine concentration per
week. Standard deviation bars are included, n = 4. CO2 was pre-loaded at a
molar basis to CO2/amine (C/N) of 0.4 by sparging moisture-saturated CO2 into
the solutions. Data points were collected upon 88 and 176 h heating. The
presence of these two salts does not have a statistically significant impact on
MEA thermal degradation rate. This implies that MEA could tolerate the presence
of sulfate and thiosulfate in the stripping process.

Figure 3-13. Comparison of MEA degradation rates of 5.0 M MEA+5000 ppm
sulfate and 5.0 M MEA + 5000 ppm thiosulfate solutions with 5.0 M MEA at 125
°C, 135 °C and 145 °C. The rate is shown as the MEA loss percent of the initial
amine concentration per week. Standard deviation bars are included, n = 4. CO2
was pre-loaded at a molar basis to CO2/amine (C/N) of 0.4 by sparging moisturesaturated CO2 into the solutions. Data points were collected upon 88 and 176 h
heating.
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3.9 Conclusion of Chapter 3
To explore the influence of flue gas contaminants on MEA degradation at
elevated temperatures consistent with those in the CO2 stripper, nitrite, fly ash,
sulfate and thiosulfate were each added to 5.0 M MEA and the contaminantcontaining MEA solutions were degraded at 125 °C, 135 °C and 145 °C. MEA
was found to degrade significantly more in the presence of nitrite (5000 ppm)
than MEA alone at the same amine molar concentration for all three
temperatures. The calculated MEA degradation activation energy of MEA-nitrite
solution is approximately one-seventh of that of MEA solution without nitrite. This
significant difference indicates that the nitrite-induced MEA degradation ratedetermining step is different from the conventional carbamate polymerization
mechanism. Compared to the products formed in MEA solution without nitrite,
nitrite not only enhanced the generation of several MEA thermal degradation
products (such as HEEDA, HEDETA, BHEU and BHEI), but also induced the
formation of DEA and HEPO, which were reported to form during MEA oxidative
degradation processes. In addition, fly ash (2.0 wt%) was observed to greatly
inhibit nitrite-induced MEA thermal degradation and dramatically increase the
MEA degradation activation energy of MEA-nitrite solution. This led to a
reduction in formation of several degradation products. This positive function of
fly ash could benefit the application of the MEA CO2 absorption process by
alleviating the potential damage of nitrite-accelerated MEA thermal degradation
under stripping conditions. Fly ash, sodium sulfate and sodium thiosulfate do not
impact MEA degradation rate.

Copyright © Quanzhen Huang 2015
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CHAPTER IV. THERMAL DEGRADATION OF AMINO ACID SALTS IN CO2
CAPTURE
Adapted with permission from Huang, Q. Z.; Bhatnagar, S.; Remias, J. E.;
Selegue, J. P.; Liu, K. L. Thermal degradation of amino acid salts in CO2 capture.
Int. J. Greenhouse Gas Control 2013, 19, 243-250. Copyright 2013 Elsevier Ltd.
4.1 Introduction
Although aqueous alkanolamine absorption has been considered as a
benchmark technology for post-combustion CO2 separation, the cost of postcombustion capture with alkanolamines is still high, with more than 80 %
increase in cost of electricity for a unit with amine-based carbon capture
compared to without a capture unit.98 Consequently, opportunities exist for
lowering the cost of solvent-based CO2 capture. The aqueous alkanolamine
process suffers several significant challenges for post-combustion utility
deployment, including amine degradation and high metal corrosion rate.99
Additionally, while still generally possessing a low vapor pressure, there is still
potential for secondary emissions of the alkanolamine in post-combustion
capture applications.100
Amino acids have been reported to be attractive alternatives to
alkanolamines in CO2 absorption due to their fast CO2 absorption kinetics and
negligible partial pressures (Table 4-1).73,74,101-130 Siemens has been developing
and adapting amino acid salt-based CCS technology in an industrial-scale coalfired plant.104 Kumar investigated the CO2 absorption kinetics of aqueous taurine
and glycine salts, reporting that they have higher forward rate constants than
alkanolamines of similar basicity.73 Knuutila found that the potassium sarcosine
aqueous system has a higher absorption rate than 30 wt% MEA in a pilot plant
screening.101 Song determined the CO2 solubility in 30 wt% sodium glycinate
solution by gas chromatography (GC) and found that sodium glyciniate has a
higher CO2 absorption capacity than MEA.125 Kim compared CO2 absorption
kinetics of potassium alaninate with potassium glycinate and pointed out that the
steric hindrance of alaninate solution could promote its CO2 capacity.108 Aronu
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conducted comparative research on the CO2 absorption potential of organic
base/amino acids mixtures (so-called amine amino acid salts (AAAS)) and MEA.
The AAAS of glycine, ß-alanine and sarcosine showed better absorption
performance than MEA of the same concentration. Among the studied AAAS,
sarcosine salt has the best performance and is believed to have further space for
enhancement.105
Table 4-1. CO2 absorption comparison between alkanolamines and amino acid
salts available in literature

Solvent

T
(K)

Monoethanolamine*

Zwitterion
Absorption
mechanism
rate at
Experiment
CO2
Reference
90 %
system
absorption
equilibrium
rate
loading
constants
1

1

Diethanolamine
Potassium taurate

295
295

0.49
2.55

Potassium glycinate

295

10.06

Potassium sarcosinate
Sarcosine with 3(methylamino)propylamine
β-Alanine with 3(methylamino)propylamine

313

Potassium sarcosine

Stirred
vessel with
a smooth
gas-liquid
interface

0.89

313

1.18

313

1.01
>1

CO2
bubbling
absorber
Pilot Plant

Kumar et
al., 2003

Aronu et
al., 2010

Knuutila
et al.,
2011

*CO2 absorption rate of MEA was normalized to 1 and used as a reference.
In the selection of candidates for CO2 absorption, solvent degradation has
become a general concern due to the significant impact on operational cost and
the intention to use thermal compression from high-temperature stripping to
minimize the overall process energy. In the MEA process for CO2 capture, the
induced amine makeup cost was estimated to be approximately 10 % of the cost
of CO2 capture.63 The regeneration temperature limit for MEA is set by its thermal
degradation rate.69 Therefore, it is critical to understand the stability of amino acid
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salts to gain a comprehensive evaluation on their potential use as CO2
absorption agents.
Potassium glycinate was reported to be more oxidatively stable than MEA
based on the formation of less oxidative degradation products, including
ammonia and formaldehyde.131-134 However, the thermal degradation of amino
acid salts has not been reported for conditions relevant to CO2 capture. Thermal
degradation of amines at stripping temperatures generally produces higher
molecular weight polyamines, including amine dimer, amine trimer and cyclic
amines.86,135-140
In this work, sodium salts of glycine, sarcosine, alanine and ß-alanine
(Table 4-2) were evaluated for their thermal stability under laboratory conditions.
The conditions selected were chosen to be relevant to CO2 capture thermal
stripping conditions. CO2-loaded solutions of the amino acid salts were heated to
125 °C, 135 °C and 145 °C under static conditions. CO2 loading enhances amine
thermal degradation.141-144 Hence, this work investigates this severe degradation
scenario of amino acid salts. MEA was used as a reference. Degradation
products were investigated by HPLC/TOF–MS and 1H-NMR. By analyzing the
products and testing a variety of amino acids with differing molecular structure,
insight is provided into the pathways for degradation.
4.2 Experimental
4.2.1 Chemicals
Chemicals used in this research are listed in Table 4-2. Sodium salts of
amino acid were prepared by mixing amino acids with one equivalent of sodium
hydroxide. CO2 was pre-loaded using 14 vol% water-saturated CO2.
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Table 4-2. Chemicals used in this research
Chemical

Purity

Source

Glycine (Gly)

≥ 99 %

Sigma

9.8

Sarcosine (Sar)

98 %

Acros
Organics

10.1

Alanine (Ala)

99 %

Acros
Organics

9.9

β-Alanine (β-Ala)

99 %

Acros
Organics

10.2

Monoethanolamine
(MEA)

99 %

Avantor

9.5

98.5 %

Acros
Organics

Sodium Hydroxide
(NaOH)
DI Water

Structure

pKa2

Millipore,
Direct-Q

4.2.2 Thermal Degradation Evaluation
Sodium glycinate (5.0 M Na-Gly) was heated at 125 °C, 135 °C and 145
°C respectively. Data were collected for 10 and 20 h at each temperature. 5.0 M
MEA was used as a reference. Sodium sarcosinate, alaninate and ß-alaninate
(2.5 M Na-Sar, 2.5 M Na-Ala and 2.5 M Na-ß-Ala) were heated to 125 °C, 135 °C
and 145 °C. Data of 10, 20, 30, 40 and 50 h were collected for each temperature.
2.5 M MEA was used as a reference. Sodium glycinate (2.5 M Na-Gly) was
heated to 135 °C for 10, 20, 30, 40 and 50 hours.
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4.2.3 Methods of Analysis
The solution alkalinity and CO2 content were measured for the solutions
after exposure to high temperature and compared to the as-prepared values. The
CO2 loading varies less than 5 % from the as-prepared solutions. Outlier samples
with lower CO2 loading after exposure to high temperature were excluded
because the reaction vessel leaked during the reaction. The alkalinity of the
amino acid solutions was determined by acid titration using a Metrohm Titrando
836 as described previously.75 The CO2 contents of the loaded solutions were
analyzed by an acid-based method as previously described.75 In this method
phosphoric acid liberates the carbon from amine solutions as CO2, which is
stripped out with a nitrogen carrier gas before being directed to a CO2 analyzer
for quantitative determination.
The HPLC/TOF–MS was utilized to identify and quantify the amino acids
and degradation products. A Rapid Resolution HT Zorbax Extend C18 (2.1 × 50
mm, 1.8 micron) column was used. Injection volume was 20 µl. The mobile
phase was 0.10 % formic acid in water (A) and in methanol (C). A gradient profile
was utilized with the A:C ratio set at 98:2 for the first 6.0 min and then changed to
20:80 for the following 2 min. From 8 to 14 min, the A:C ratio was set back to
98:2. Flow rate was set at 0.300 mL/min. Electrospray positive ionization mode
was used in TOF. The EIC chromatograms were used for parent amine and
product quantification.
1

H-NMR (400 MHz) analysis was conducted for all four amino acid salt

solutions in deuterium oxide (D2O). Samples (0.80 mL) were treated with
hydrochloric acid (37 wt%, 0.30 mL) to release the absorbed carbon dioxide prior
to 1H-NMR measurement. Acid-treated sample (0.050 mL) was then dissolved in
0.50 mL deuterium oxide for 1H-NMR analysis. 1H-NMR chemical shifts were
referenced to HDO at δH = 4.80 ppm. Benzene (≥ 99 %) sealed in a capillary was
used as an internal reference for quantitative analysis. The quantification is
based on direct comparison of the reference NMR signal intensity with the
signals from standard solvents with known concentrations and the compounds of
interest.
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4.3 Thermal Degradation of Na-Gly
The thermal stability of glycinate was investigated by heating CO2-loaded
solutions of 5.0 M Na-Gly (C/N 0.4) to 125 °C, 135 °C and 145 °C respectively.
5.0 M MEA was used as a reference. The content of glycinate was monitored by
HPLC/TOF–MS by periodic sampling. The MEA level was measured using IC.
Amine depletion could result in a degradation rate deviation from pseudo-firstorder kinetics. In order to minimize this impact, degradation rate data in this
study, e.g., the initial rate, which were collected in the first 20 hours and showed
a rate difference less than 15 %, were used to compare with MEA degradation
rates. After 20 hours the rate of degradation begins to slow. Amine loss rate was
obtained by dividing the parent amine concentration reduction by heating time
(equation 4-1) and normalized to the MEA loss rate. As shown in Figure 4-1, the
comparison was shown as the relative ratios of Na-Gly loss rates to MEA 125 °C
loss rate, which was set as 1 (standard deviation bars were included, n = 4).
Carbon was pre-loaded on a molar basis to CO2/amine (C/N) of 0.4 by sparging
water-saturated CO2 gas into solvents. Data points were collected for 10 and 20
h heating. Na-Gly degrades more than an order of magnitude faster than MEA at
the same amine molar concentration at all three temperatures.
Amine Loss Rate = Amine Concentration Reduction/Heating Time
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(4-1)

Figure 4-1. Amine degradation rate comparison of 5.0 M Na-Gly with 5.0 M MEA
at 125 °C, 135 °C and 145 °C respectively.
4.4 Thermal Degradation Rate Comparison
In order to elucidate a structural basis for the low thermal stability of
glycinate, thermal degradation of sarcosinate, alaninate and ß-alaninate was
performed to determine which structural characteristics provide thermal stability.
The carbon-rich target condition, C/N 0.4, was not achieved in 5.0 mol/L alanine
without precipitation. Hence, 2.5 M sodium sarcosinate, alaninate and ßalaninate solutions were prepared and heated to 125 °C, 135 °C and 145 °C in
this study. 2.5 M sodium glycinate was heated to 135 °C. Samples were collected
at 10, 20, 30, 40 and 50 h. 2.5 M MEA was used as a reference. HPLC/TOF–MS
and 1H-NMR were used to monitor amino acid content reduction and degradation
product formation. Figure 4-2 shows the amine loss as a function of time for each
amino acid at 135 °C.
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Figure 4-2. Thermal degradation of 2.5 M amino acid salt solvents at 135 °C as a
function of heating time. 2.5 M MEA was used as a reference. CO2 was preloaded on a molar basis to CO2/amine of 0.4. Comparison shown as the average
amine loss percent with standard deviation, n = 2.
Utilizing data collected during the first 50 h, degradation rate constants
were determined for all three temperatures. The degradation rate was constant at
early times, consistent with pseudo-first-order kinetics, before decreasing at
longer times (Figure 4-2). In selecting data to be used for energy of activation
and rate constant determination, individual rate data points with a difference
within 15 % were considered acceptable. The relationship between natural
logarithm of the amino acid concentration and the heating time is linear,
suggesting that thermal degradation is a first-order reaction.
A first-order rate constant, k1, was calculated for the amino acid salts. This
calculation assumes a first-order loss of amino acids as shown in equation 4-2,
where C is the amine concentration at time t. Solving equation 4-2 yields k1,
which is dependent on temperature and activation energy (Ea) according to the
66

Arrhenius equation (equation 4-3). A is the pre-exponential factor and R is the
ideal gas constant.
Degradation Rate = k1C

(4-2)

k1 = Ae-Ea/RT

(4-3)

An Arrhenius plot was constructed for MEA, Na-Sar, Na-Ala and Na-ß-Ala
solutions (with 2.5 M amine and C/N 0.4). The logarithm of k1 was plotted against
inverse temperature (Figure 4-3). Degradation data collected at 125 °C, 135 °C
and 145 °C illustrate that these amino acid salts all have higher amine loss rates
than MEA. Comparison of these amino acids demonstrated that thermal stability
decreased in the order MEA > sarcosinate > alaninate > ß-alaninate. Among
these amino acids, sarcosine had the slowest degradation rate, but the rate was
still two times higher than that of MEA. Na-ß-Ala has the fastest degradation rate
at all temperatures.

Figure 4-3. Activation energy calculation for the thermal degradation of Na-Sar,
Na-ß-Ala and Na-Ala with comparison to MEA at 125 °C, 135 °C and 145 °C
respectively (Duration time: 50 h. Carbon was preloaded to 0.4 absorbed carbon
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per mole amine. Comparison shown as the logarithm of k1 average with standard
deviation for data points collected in first 50 h. For Na-Sar and MEA, n = 5 (10 h,
20 h, 30 h, 40 h and 50 h). For Na-ß-Ala, n=6 and Na-Ala, n = 4 (at 10 and 20 h
time points)).
The activation energy of the solvent degradation was determined from the
slope of the Arrhenius plot (Table 4-3). As expected, the degradation activation
energies of the amino acid salt degradations are lower than that of MEA. This
indicates that these amino acid salts have a higher degradation tendency
compared to MEA. It also implies that the rate-determining step in amino acid
thermal degradation is different from that of MEA. The degradation activation
energy of Na-ß-Ala, less than half that of MEA, is the lowest of the studied
solvents, reflecting also its exceptional degradation pathway as discussed below.
Table 4-3. Thermal degradation activation energy of amino acid salts
Activation Energy (kJ/mol)
2.5 M Na-ß-Ala

72 ± 3

2.5 M Na-Ala

130 ± 7

2.5 M Na-Sar

144 ± 3

2.5 M MEA

154 ± 5

4.5 Structure and Thermal Stability
Sodium salts of all four amino acids tested decompose more rapidly than
MEA (Figure 4-2). Sarcosine, alanine and ß-alanine are isomers of one another.
Sarcosine, the only secondary amine of the group, is the most stable. The
greater stability is surprising in light of the lower stability of secondary
alkanolamines compared to primary or tertiary alkanolamines, which was
attributed to the higher basicity and nucleophilicity of secondary amines.48 The
pKa2 values (i.e., deprotonation of the ammonium ion, Table 4-2) of the four
amino acids under study fall in a narrow range.145-149 The basicity of sarcosine
falls in the middle of the range, suggesting that the increased stability of
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sarcosine is due to the greater nitrogen steric hindrance compared to the two
primary amines, rather than a basicity effect. Comparing α-and ß-alanine
isomers, the amine group of alanine is on a tertiary carbon atom, whereas the
amine group of ß-alanine is on a secondary carbon atom. On one hand, the
amine group in ß-alanine is further from the electron-withdrawing carboxyl group,
and hence it is slightly more basic than alanine. Consistent with Lepaumier et al.,
the more basic amine of ß-alanine undergoes nucleophilic addition to the
carboxyl group more rapidly, leading to the formation of amide oligomers.
Furthermore, steric hindrance adjacent to the amine group may protect the amino
acid against degradation, similar to the behavior of alkanolamines.150-152 The two
factors combined result in faster decomposition of ß-alaninate compared to
alaninate. Higher steric hindrance adjacent to the amine group in alanine could
reduce the tendency to generate oligomers or other degradation products. This
steric effect could also be observed in comparing alaninate to glycinate (Figure 42). The amine groups on these two amino acids have very similar basicity (Table
4-2). Compared to glycine, alanine contains an additional methyl group
connecting to the alpha position to the nitrogen. This methyl group provides more
steric hindrance to the amine group and hence it makes alaninate more thermally
stable than glycinate. Based on the behavior of glycine and the three alanine
isomers, it seems reasonable to conclude that steric factors predominate the
resistance to thermal degradation, with pKa2 playing a secondary role.
This recognition is consistent with the understood function of steric
hindrance in the thermal degradation of MEA and its analogs.153-155 For instance,
sterically hindered amine 2-amino-2-methyl-1-propanol (AMP), a MEA analog
with two methyl groups connecting NH2 adjacent carbon, has high thermal
stability, with degradation rate around half of that of MEA.156-158
Interestingly, the longer chain between the amine and carboxylate of ßalanine compared to alanine or sarcosine led to the most rapid degradation. This
observation is contrary to what was reported in the comparison of MEA to longerchain alkanolamines, 3-amino-1-propanol, 4-amino-1-butanol and 5-amino-1pentanol.48,159,160 As the chain length between amine and alcohol increases in the
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MEA analogs, the degradation rate decreases due to the decreasing stability of
the resulting cyclic ureas with increasing ring size from 5 to 8. This difference
indicates a different degradation pathway for amino acids as compared to
alkanolamines as discussed below.
4.6 Acid Treatment in NMR Measurements
1

H-NMR (400 MHz) analysis was conducted for all four amino acid salt

solutions in deuterium oxide (D2O). Samples were treated with hydrochloric acid
to release the absorbed carbon dioxide prior to 1H-NMR measurement. In order
to clarify that the acid treatment does not displace equilibrium or induce some
reactions, NMR measurements were conducted for CO2 loaded amino acid salt
solutions before and after acid treatment respectively. The amino acid solution
without CO2 loading was used as a reference. For instance, Figure 4-4 is the
NMR spectrum of 2.5 M β-alanine solution without CO2 loading. After CO2 was
loaded, two more peaks were generated due to the formation of carbamates
(Figure 4-5). Figure 4-6 shows the NMR spectrum of CO2 loaded 2.5 M Na-βalanine solution after acid treatment. It was observed to match the original βalanine solution before CO2 loading. This comparison suggests the acid addition
does not displace equilibrium or induce other reactions.
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Figure 4-4. 1H-NMR (400 MHz) analysis on 2.5 M β-alanine solution without CO2
loading.
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Figure 4-5. 1H-NMR (400 MHz) analysis on 2.5 M Na-β-alanine solution with CO2
loading.

Figure 4-6. 1H-NMR (400 MHz) analysis on CO2 loaded 2.5 M Na-β-Alanine
solution after acid treatment.
4.7 Oligomerization and tetrahydro-1,3-oxazin-6-one formation in Na-ß-Ala
In the case of ß-Ala, which showed the highest degradation rate in this
study, degradation products were identified and quantified to gain a deeper
insight on the degradation mechanism. Three main products were observed by
HPLC/TOF–MS (Table 4-4).
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Table 4-4. Main thermal degradation products of Na-ß-Ala observed in
HPLC/TOF–MS
Mass-to-charge Ratio (m/z)

Degradation Product

162.0784

ß-Ala Dimer

206.0399

ß-Ala Dimer Carbamate

102.0551

Tetrahydro-1,3-oxazin-6-one

One product with a mass-to-charge ratio (m/z) of 162.0784 amu is ß-Ala
dimer, formed by amide formation between two ß-Ala molecules. ß-Ala dimer
reacts with CO2 to generate ß-Ala dimer carbamate, with a m/z of 206.0399 amu
(Figure 4-7).
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Figure 4-7. Formation of ß-Ala dimer and ß-Ala dimer carbamate.
HPLC/TOF–MS peak areas indicates that the yield of ß-Ala dimer
carbamate is approximately one-fifth that of ß-Ala dimer. A third product with an
empirical formula of C4H7NO2 based on its high-resolution m/z of 102.0551 amu
may be tetrahydro-1,3-oxazin-6-one. A plausible route to its formation is shown in
Figure 4-8. ß-Ala anion could decompose to generate 1,1-ethenediol dianion (II)
and aminomethylium cation (III). Deprotonation of III gives methanimine (IV),
which hydrolyzes to ammonia and formaldehyde (V). Nucleophilic addition of the
amine group of ß-alanine to formaldehyde gives intermediate VI, which could
form

tetrahydro-1,3-oxazin-6-one

(VII)

condensation.
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Figure 4-8. Proposed pathway for the formation of tetrahydro-1,3-oxazin-6-one in
the thermal degradation of aqueous Na-ß-Ala solution.
ß-Ala dimer and tetrahydro-1,3-oxazin-6-one were also observed by NMR
analysis (Figure 4-9). ß-Ala dimer carbamate was converted to ß-Ala dimer by
acid treatment prior to the 1H-NMR measurement. Na-ß-Ala presented two triplet
1

H chemical shifts on the carbon chain: δ = 3.217 ppm (t, 2H, CH2) and 2.616

ppm (t, 2H, CH2) (Figure 4-9 I, Table 4-5). After thermal incubation (145 °C and
10 h as an example here), two more triplet shifts from ß-alanine dimer were
clearly observable: δ = 3.273 ppm (t) and 2.649 ppm (t) (Figure 4-9 II, Table 4-5).
The slightly higher shifts stem from the formation of amide in the ß-Ala dimer.
Tetrahydro-1,3-oxazin-6-one was observed in NMR after a longer heating time
(Figure 4-9 III, Table 4-5). It was presented as two triplets and one singlet: δ =
3.063 ppm (t, 2H, CH2), 2.811 ppm (t, 2H, CH2) and 2.697 ppm (s, 2H, CH2)
(Figure 4-9 III, Table 4-5). New peaks at δ = 3.627 ppm (t) upon further heating
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indicate the formation of polymeric or longer chain oligomers (Figure 4-9 III). The
ß-Ala standard solvent was used as a reference to estimate the content of ß-Ala
dimer and tetrahydro-1,3-oxazin-6-one by NMR. The percentage of product
formation takes into account the number of hydrogen atoms present into the
different degradation products.

I

II
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III

Figure 4-9. 1H-NMR (400 MHz) analysis on 2.5 M Na-ß-Ala before (I) and after
heating (II: 10 hour heating; III: 50 hour heating) at 145 ºC (Samples were treated
with hydrochloric acid (37 wt%) to release the absorbed CO2 prior to the 1H-NMR
measurement. 1H-NMR chemical shifts were referenced relative to deuterium
oxide, δ(1H) = 4.80 ppm.).
Table 4-5. 1H-NMR signal attributions for Na-β-Alanine thermal degradation
Chemical

Structure
O

2

ß-Ala

H2N

ß-Ala dimer

H2N
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OH
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O
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O
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1

OH

Hydrogen
number

Chemical
shift
(ppm)

1

2.616

2

3.217

1
2
3
4

2.617
3.221
2.649
3.273

1

2.697

2

2.811

3

3.063

In Figure 4-10, the ß-alanine loss is plotted together with the formation of
the degradation products at 145 °C. The plot shows to what extent the lost ßalanine is accounted for by each degradation product. ß-Ala dimer (including the
carbamate form) is the major product during degradation, accounting for more
than half of the ß-Ala loss. Both ß-Ala dimer and tetrahydro-1,3-oxazin-6-one
accumulate with time, indicating the relative higher stability of these two
compounds. Especially for tetrahydro-1,3-oxazin-6-one, although the content is
globally lower than that of ß-Ala dimer, the generation is dramatically promoted
with heating time. It accounts for 3~4 % ß-Ala loss at the starting period of
degradation but this contribution reaches 21% at the end of the degradation.

Figure 4-10. ß-Ala loss percentage plotted together with the formation of different
degradation products at 145 °C for the duration time of 50 hours (ß-Ala standard
solvents were used as a reference to estimate the content of ß-Ala dimer
(including the carbamate form) and tetrahydro-1,3-oxazin-6-one by 1H-NMR (400
MHz)).
4.8 Conclusion of Chapter 4
To explain the thermal stability of amino acids for CO2 capture from a
structural standpoint, a severe degradation scenario has been investigated by
thermally degrading CO2-loaded sodium glycinate, sarcosinate, alaninate and ßalaninate at 125 °C, 135 °C and 145 °C. The four amino acids thermal degrade
more rapidly than MEA. The thermal stability decreases in the order MEA >
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sarcosinate > alaninate > ß-alaninate. Among these amino acids, sarcosine had
the slowest degradation rate, but the rate was still two times higher than that of
MEA. Na-ß-Ala has the fastest degradation rate at all temperatures. Structure
comparison demonstrated that both amine basicity and steric hindrance of the
amine group play critical roles in determining the thermal stability of amino acids.
Steric hindrance at the amine group protects the amino acid against degradation.
Activation energies for the amino acid thermal degradation were calculated and
shown to be lower than that of MEA. Na-ß-Ala has the lowest degradation
activation energy of the four amino acids studied, which is less than half of the
activation energy of MEA degradation. Na-ß-Ala thermal degradation generates
ß-Ala dimer (major degradation product), ß-Ala dimer carbamate and tetrahydro1,3-oxazin-6-one.

Copyright © Quanzhen Huang 2015
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CHAPTER V. THERMAL DEGRADATION COMPARISON OF AMINO ACID
SALTS, ALKANOLAMINES AND DIAMINES IN CO2 CAPTURE
Adapted with permission from Huang, Q. Z.; Thompson, J.; Lampe, L.; Selegue, J.
P.; Liu, K. L. Thermal degradation comparison of amino acid salts, alkanolamines
and diamines in CO2 capture. Energy Procedia 2014, 63, 1882-1889. Copyright
2014 Elsevier Ltd.
5.1 Introduction
Among current options for post-combustion CO2 separation in power plants,
amino acid salts and diamines are attracting growing attention due to their fast CO2
absorption kinetics and other favorable properties over alkanolamines. As
mentioned in previous chapters, solvent degradation has been a critical concern
in the development of potential CO2 absorbents mainly due to the significant
impact on operational cost and the intention to apply thermal compression in
stripping to minimize the overall process energy. Therefore, it is paramount to
compare the thermal degradation of amino acid salts, diamines and alkanolamines
to gain a comprehensive evaluation on their potential use as CO2 absorption
agents.
Amino acid salts could benefit CO2 capture processes with their fast CO2
absorption kinetics and negligible partial pressures.73 Some amino acid salts have
been reported to be more oxidatively stable than MEA.106 However, the thermal
degradation of amino acid salts was only recently studied and was found to have
faster thermal degradation rates than MEA.83
Diamines have been attracting growing attention due to their potentially
higher CO2 capacity and absorption rates. Similar to piperazine (PZ), each diamine
molecule contains two amine functional groups. For instance, ethylenediamine
(EDA, NH2CH2CH2NH2) has been reported to generate both monocarbamate and
dicarbamate in the reaction with CO2.161-166 Trass and Weiland have tested EDA
(with concentrations of 1.6–4.2 M) in a pilot plant for CO2 absorption and found the
mass transfer coefficients were 3 to 4 times higher than that of sodium
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hydroxide.167 At an aqueous concentration lower than 2 M, EDA was found to have
a faster CO2 absorption rate than MEA.168-171
In this research, several structural analogs of alkanolamines and diamines
were exposed to high-temperature degradation conditions in order to explore their
thermal stability from a structural standpoint. The conditions selected were chosen
to be relevant to CO2 capture thermal stripping conditions; CO2-loaded solutions
were heated to 135 °C and 145 °C under static conditions. Given that CO2 loading
enhances amine thermal degradation,172 this work investigates a severe
degradation scenario in the CO2 capture process. MEA was used as a reference.
Amine depletion was investigated by IC and HPLC/TOF–MS. The results were
compared to the thermal degradation rate of amino acid salts reported in Chapter
4. This research develops a relationship between amine structure and thermal
degradation rate. The investigated structural factors include functional groups,
amine orders and steric effect.
5.2 Experimental
5.2.1 Chemicals
Chemicals used in this research are listed in Table 5-1. All were used as
received from Acros Organics.
Table 5-1. Chemicals used in this research
Chemical

Purity

3-Amino-1-propanol (3A1P)

99%

2-(Methylamino)ethanol (MAE)

99%

1,3-Diaminopropane (1,3-DAP)

99%

Ethylenediamine (EDA)

>99%

2-Amino-2-methyl-1-propanol (AMP)

99%

N-Methylethylenediamine (MEDA)

95%

Structure
H2 N

H3C

OH

H
N

H 2N

OH

NH2

H2N
H2N

pKa
9.96
9.95
10.50

NH2

9.90

OH

9.68

CH3
CH3
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H 3C

H
N

NH 2

10.40

5.2.2 Thermal Degradation Evaluation
2.5 M 3-Amino-1-propanol (3A1P), 2.5 M 2-(methylamino)ethanol (MAE),
2.5 M 1,3-diaminopropane (1,3-DAP), 2.5 M ethylenediamine (EDA), 2.5 M Nmethylethylenediamine (MEDA) and 5.0 M 2-amino-2-methyl-1-propanol (AMP)
were heated at 135 °C and 145 °C. MEA was used as a reference. Prior to heating,
CO2 was pre-loaded on a molar basis to CO2/amine (C/N) of 0.4 by sparging watersaturated CO2 gas into solvents.
5.2.3 Methods of Analysis
IC and HPLC/TOF–MS were utilized to identify and quantify the amine loss
and degradation products. A Rapid Resolution HT Zorbax Extend C18 (2.1 × 50
mm, 1.8 micron) column was used. Injection volume was 20 µl. The mobile phase
was 0.10 % formic acid in water (A) and in methanol (C). A gradient profile was
utilized with the A:C ratio set at 98:2 for the first 6.0 min and then changed to 20:80
for the following 2 min. From 8 to 14 min, the A:C ratio was set back to 98:2. Flow
rate was set at 0.300 mL/min. Electrospray positive ionization mode was used in
TOF. The EIC chromatograms were used for amine and product quantification.
5.3 Kinetics of MEA Thermal Degradation
MEA thermal degradation is initiated by carbamate, which is generated in
MEA reaction with CO2 (shown in Figure 5-1).141 After carbamate is formed, the
alcohol nucleophilically attacks the carbonyl carbon, allowing the five-member ring
OZD formation with a water loss. Research has demonstrated that OZD formation
is the rate-determining step in MEA thermal degradation.48 Hence, the cyclization
reaction rate constant k2 is far less than k1 and k−1 in the carbamate
formation/dissociation reaction.

Figure 5-1. MEA thermal degradation rate-determining step OZD formation.
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The reaction rate laws can be written as follows:
RMEA =

= k−1[Carbamate] − k1[MEA][CO2]

RCarbamate =

= k1[MEA][CO2] − k−1[Carbamate] − k2[Carbamate]
= k2[Carbamate]

MEA Degradation rate =

(5-1)
(5-2)
(5-3)

Given that the rate-determining step is OZD formation and MEA-carbamate
equilibrium is reached quickly, the rate of change of carbamate is assumed to be
zero. So, equation 5-2 is converted to equation 5-4.
[Carbamate] =

(5-4)

‒

Applying equation 5-4 to equation 5-3 generates MEA thermal degradation
rate as equation 5-5.
MEA degradation rate =

(5-5)

‒

CO2 loading in the solution is excessive compared to degradation
consumption and therefore to be considered as a constant. So, MEA thermal
degradation rate is expressed as follows.
MEA degradation rate = k[MEA]
Where k =

‒

(5-6)

.

The proposed degradation mechanism suggests that MEA thermal
degradation is a first-order reaction. This is consistent with several reports. For
instance, Freeman reported a first-order k vs. T−1 curve on 5 M MEA thermal
degradation and found the degradation activation energy to be 156 kJ/mol, which
is very close to 152 kJ/mol, the result collected in this research.59,84 In this
research, the normalized MEA degradation percent loss was not observed to vary
after the concentration changed from 5 M in flue gas contaminant research to 2.5
M in amino acid salts degradation research. This indicates that initial MEA
concentration does not influence MEA degradation half-life time and also reflects
that MEA thermal degradation is a first-order reaction.
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5.4 Impact of Functional Groups
Comparison of the primary amines with chain structures demonstrated that
change of functional groups impacts amine thermal degradation rates. Figure 5-2
presents a thermal degradation rate comparison of sodium glycinate (Na-Gly),
MEA and EDA, which are structural analogs with different functional groups, at 135
°C for 100 h. Na-Gly and EDA substitute the hydroxyl group of MEA with a
carboxylic acid group and an amine group, respectively. These three compounds
have similar amine basicity in terms of the amine pKa values.83 The thermal stability
has a trend of diamine > alkanolamine > amino acid salt. The same trend was
observed in the comparison of sodium beta-alaninate (Na-β-Ala), 3A1P and 1,3DAP. The result suggests that, for both two-carbon and three-carbon backbone
analogs, diamines are the most thermally stable while amino acid salts are the
least stable, reflecting the different degradation mechanism of these three
categories. Amino acid salts undergo mainly amide formation under hightemperature stripping conditions, during which the amine groups function as a
nucleophile to intermolecularly attack the carbonyl carbon and generate amides.83
This one-step reaction explains the fast thermal degradation rates of amino acid
salts. In contrast, the major thermal degradation pathway of alkanolamines was
known to be carbamate polymerization.173 In this process, carbamates initially
cyclize to form OZD analogs in a dehydration step. Another alkanolamine molecule
can then nucleophilically attack the OZD to re-open the ring and generate
alkanolamine oligomers.
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Figure 5-2. Thermal degradation rate comparison of 2.5 M Na-Gly, 2.5 M EDA at
135 °C with 2.5 M MEA as the reference. Comparison was shown as the relative
ratios to MEA loss rate, which was set as 1. Data points were collected for 100 h
heating. Amine loss rate was obtained from dividing the initial amine concentration
reduction by heating time and normalized to the MEA loss rate.
5.5 Impact of Amine Order
A comparison of the thermal degradation rate of structural isomers with
different amine order, Na-β-Ala and Na-Sar, has previously been reported.83 Na-βAla, the primary amine, degrades faster than Na-Sar, a secondary amine. Because
the amine groups on these two amino acids have similar basicity,83 the thermal
degradation rate difference could stem from the steric effect around the amine
group, which could lower the amide formation potential of Na-Sar, and therefore
reduce its thermal degradation rate.
Similar to the investigation on amino acid salts, this research compared the
thermal degradation rates of several alkanolamine and diamine structural isomers
with different amine orders. Figure 5-3 compares the thermal degradation rate of
MAE with that of 3A1P. MAE is a secondary amine, while 3A1P is a primary amine.
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After 100 h heating at 135 °C, MAE degraded significantly more than 3A1P,
suggesting that secondary alkanolamines thermally degraded faster than primary
alkanolamines. This result is consistent with a previously reported study where
diethanolamine (DEA),174-177 a secondary alkanolamine, was reported to be less
stable because it is more nucleophilic than primary alkanoamines.141

Figure 5-3. Thermal degradation rate comparison of 2.5 M MAE, 2.5 M 3A1P at
135 °C with 2.5 M MEA as the reference. Comparison is shown as the relative
ratios to MEA loss rate, which was set as 1. Data points were collected for 100 h
heating. Amine loss rate was obtained from dividing the initial amine concentration
reduction by heating time and normalized to the MEA loss rate.
MEDA and 1,3-DAP are diamine structural isomers with the only difference
that MEDA contains one primary and one secondary amine group while 1,3-DAP
has two primary amine groups at the ends. Consistent with the observation in
alkanolamines, the primary diamine is more stable than the secondary diamine.
For both alkanolamines and diamines investigated, secondary amines have higher
basicity than primary amines. Consequently, secondary amines are more
nucleophilic and favor higher degradation product formation (like urea generation).
Even though secondary amines also have higher steric effect around amine
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groups, which could slow down the degradation, the higher basicity seems to
dominate the amine thermal degradation rate of alkanolamines and diamines.
5.6 Steric Effect
In the thermal degradation of amino acid salts, steric hindrance around the
amine group may contribute to the resistance to thermal degradation.83 Following
this finding, the thermal degradation rates of alkanolamine structural analogs were
compared in order to gain a deeper understanding on the role of steric effect in
maintaining the thermal stability of alkanolamines. Figure 5-4 compares the
degradation rates of AMP with that of MEA. Compared to MEA, AMP has two
additional methyl groups on the α-carbon to the amine group. Interestingly, the
thermal degradation rate for AMP was significantly less than that of MEA, which
indicates that higher steric hindrance around amine group does lead to higher
thermal stability.

Figure 5-4. Thermal degradation rate comparison of 5.0 M AMP at 145 °C with 5.0
M MEA as the reference. Comparison was shown as the relative ratios to MEA loss
rate, which was set as 1. Data points were collected for 1 week heating. Amine
loss rate was obtained from dividing the initial amine concentration reduction by
heating time and normalized to the MEA loss rate.
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We propose that greater steric hindrance slows down the rate of carbamate
cyclization to an OZD-like cyclic degradation product. As shown in Figure 5-5,
MEA, with an unsubstituted backbone, is subject to a relatively smaller steric
repulsion in carbamate formation and less strain in OZD ring. In contrast, AMP’s
two additional methyl groups on the carbon chain backbone cause larger steric
repulsion in the carbamate. This decreases carbamate stability and could also
cause bigger strain in OZD-like compounds. In consequence, this reduces AMP
carbamate cyclization and explains the higher thermal stability of AMP compared
to MEA.
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Figure 5-5. Steric hindrance induces strain in AMP carbamate cyclization
compared to MEA.
5.7 Conclusion of Chapter 5
In order to establish a structure versus thermal stability model to direct the
exploration of CO2 solvents with high thermal stability, we compared the thermal
degradation rate of amines with varied structures. Structural factors including
functional groups, amine orders and steric hindrance were investigated for their
impact on amine thermal degradation. Due to the different thermal degradation
mechanism, primary amines with chain structures showed a thermal stability trend
as diamine > alkanolamine > amino acid salt. For the investigated amino acid salts,
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primary amines degrade faster than secondary amines, reflecting the fact that
steric hindrance dominates the degradation rates. However, for alkanolamine and
diamine structural isomers, the primary amines are much more stable than the
secondary amines. Secondary alkanolamines/diamines have higher basicity than
primary alkanolamines/diamines and thus are better nucleophiles, which favors the
degradation product formation via urea generation. Even though secondary
alkanolamines/diamines also have higher steric effect around amine groups, which
could slow down the degradation, the higher basicity seems to dominate the
thermal degradation of alkanolamines and diamines. As to the studied
alkanolamines, the thermal degradation rate of sterically hindered AMP is slower
than that of MEA, which indicates that greater steric hindrance around the amine
group leads to higher thermal stability.

Copyright © Quanzhen Huang 2015
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CHAPTER VI. FUTURE WORK
6.1 Motivation
In previous chapters, several alkanolamines, diamines and amino acid salts
have been investigated for their thermal stability in order to evaluate their potentials
in CO2 absorption. Comparison of the amines from these three classes has shown
that structural factors, such as amine order, functional groups and steric effects,
affect amine thermal stability. Steric hindrance plays a globally positive role in
maintaining the thermal stability. Following this observation, the motivation of the
future work is to gain a deeper insight into the relationship between the steric
hindrance and amine thermal stability to direct the exploration of CO2 solvents with
high thermal stability.
In addition, fly ash inhibits nitrite-induced MEA degradation, but the working
mechanism still remains unclear. A possible reason is that transition metal ions
leached out from fly ash could coordinate with nitrite in MEA solutions to deactivate
its functionality. In order to better understand this positive function of fly ash,
different transition metal ions (such as copper, chromium, nickel, iron and
vanadium) are to be screened individually in thermal degradation experiments of
nitrite-containing MEA solutions.
6.2 Research Design
6.2.1 Role of Steric Hindrance in Thermal Degradation of Alkanolamines
As described in Chapter 5, AMP has a lower thermal degradation rate than
MEA, possibly resulting from higher steric hindrance. In order to better understand
the positive role of steric hindrance in maintaining amine thermal stability, I
propose to study several alkanolamines with different steric hindrance for their
thermal degradation rates. The chosen reaction conditions are relevant to CO2
capture thermal stripping conditions; CO2-loaded solutions are to be heated at 125
°C, 135 °C and 145 °C under static conditions.
On one hand, steric hindrance in alkanolamine molecules could lower the
stability of carbamates and therefore slow down the formation of the first product,
OZD. On the other hand, steric hindrance could increase the strain in the OZD ring
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and hence reduce the formation tendency. It is not clear which factor dominates
OZD formation.
If carbamate stability dominates alkanolamine thermal degradation, the
steric hindrance around the amine group would be a critical factor in determining
the thermal degradation rate. Higher steric hindrance around the amine group
should lead to a higher amine thermal stability. However, if the stability of the first
degradation product, OZD, in carbamate polymerization pathway dominates the
amine thermal degradation, any substitution groups that could induce strain in OZD
ring should lower the stability of the OZD-like product. Therefore, the substituted
OZD-like product should have a lower tendency of formation and the
corresponding alkanolamine should have an enhanced thermal stability. More
substituted groups on the OZD backbone result in higher ring strain.
6.2.2 Inhibition Effect of Fly Ash on Nitrited-induced MEA Degradation
Different transition metal ions are to be individually introduced into nitritecontaining aqueous MEA solutions. Different concentrations of metal ions could be
tested here. The reference solution is nitrite-containing MEA in the absence of
transition metal ions. After thermal treatment, both nitrite and MEA contents will be
monitored by IC. If any ion is found to inhibit nitrite-induced MEA degradation, the
coordination between nitrite and this ion could explain the inhibition effect of fly
ash.

Copyright © Quanzhen Huang 2015
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